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THE SIGNIFICANCE OF MULTIPLE REACTIONS IN 
ENZYME-POLYMER SYSTEMS* / 


By J. M. BAILEY ann DEXTER FRENCH. 
(From the Department of Chemistry, Iowa State College, Ames, Iowa) 


(Received for publication, August 17, 1956) 


In most instances in which the mechanism of biological synthesis of a 
polymer is known or understood, the mechanism is found to involve the 
endwise addition of monomer units to a growing polymer chain. Super- 
imposed upon this basic reaction which leads to linear extension of the 
polymer, there are often secondary reactions which result in the cross- 
linking of individual polymer chains and which give a highly ramified struc- 
ture as the final product. In a similar manner the degradation of the poly- 
mer may be brought about bya reversal of the endwise process of synthesis, 
catalyzed by the same or a different enzyme, or by a random fragmenta- 
tion of the chain. In this paper we are concerned only with synthetic and 
degradative enzymes of the first type; 7z.e., those which catalyze the primary 
endwise synthesis and the endwise degradation of the polymer molecule. 

Role of “Primary” Molecule—Until fairly recently, knowledge in the 
field of the mode of action of polymer-synthesizing enzymes was confined 
mainly to the polysaccharides. The general principles outlined below, 
therefore, are derived primarily from experience obtained with these sys- 
tems. Recent developments in the field of nucleic acid synthesis, however, 
as illustrated by the polyribonucleotide phosphorylase isolated by Heppel 
et al. (1) and the polydeoxyribonucleotide phosphorylase of Kornberg 
et al. (2), indicate that at least in the zn vitro systems similar principles will 
be found to apply. 

All known polysaccharide- illite and -degrading reactions may be 
classified under the general heading of ‘‘transfer reactions’ and may be 
represented by the following general equation: 

G—O—R, + R2OH 
“Donor” “Acceptor” 
Three main classes are found: (1) When R; is a carbohydrate radical and 
R,OH is water, the action is hydrolytic and usually irreversible; (2) when 
R,; is a phosphoric acid residue and R, is a carbohydrate radical, the en- 
zymes are known as phosphorolytic transglycosidases and are usually 
freely reversible; and (3) when R, and R» are both carbohydrate radicals 


+ R,OH 


* Journal Paper No. J-2693 of the Iowa Agricultural Experiment Station, Ames, 
Iowa, Project 1116. 
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the enzymes are known as non-phosphorolytic transglycosidases and both 
freely reversible and irreversible types are known. ‘The process of poly- 
mer synthesis, then, involves the transfer of monomer units derived from 
the donor substrate to the acceptor molecule. In many cases the monomer 
unit itself may function as an acceptor, but in others, for example in the 
synthesis of starch or glycogen by phosphorylase, a more specific acceptor 
is required. The acceptor is then called the ‘‘primer molecule,” and in its 
absence no synthesis will take place. The specificity of a system with re- 
spect to primer determines to a large degree the properties of the synthetic 
polymer. In the reaction glucose-l-phosphate — amylose catalyzed by 
the enzyme potato phosphorylase, the smallest molecule which will func- 
tion as a primer contains 3 glucose units (3). The priming ability of the 
4, 5, 6, and 7 unit compounds is, however, much greater (by a factor of 
10‘) and increases in that order (4, 5). It can be seen that this favors the 
production of a polymer of high molecular weight even in the presence of 
a large amount of the trisaccharide as primer. A similar situation is en- 
countered with the synthesis of dextran from sucrose catalyzed by the en- 
zyme dextransucrase. Here it seems that the donor substrate sucrose it- 
self can act as an acceptor but very inefficiently in comparison with the 
higher saccharides (6). The synthesis of high molecular weight com- 
pounds, therefore, is again favored. 

“Single Chain” or ‘‘Multichain” Mechanisms—There are formally two 
possible mechanisms for the endwise synthesis and degradation of a polymer 
molecule: the single chain mechanism in which the enzyme completes the 
synthesis or degradation of a single polymer molecule before transferring 
- its action to the next, and the multichain mechanism, in which the enzyme 
adds or removes single units in completely random fashion from all avail- 
able polymer (primer) ends. For obvious reasons, the multichain mecha- 
nism has been generally, although not unanimously, favored. It was shown 
for potato phosphorylase that this mechanism indeed operates (4, 4). 
However, for the amylose-degrading enzyme, 6-amylase, a considerable 
body of evidence has accumulated which has been interpreted to indicate 


that this enzyme operates by a single chain mechanism. $8-Amylase func- | 
tions by the endwise removal of maltose from the non-reducing end of the | 
amylose chain. Cleveland and Kerr examined the polymers obtained at | 
various stages of degradation of amylose by 8-amylase and found that there © 


was no change in the molecular weight (7). They therefore concluded that 
a single chain mechanism was operating. French, Knapp, and Pazur (8) 


examined the products obtained at intermediate stages of the degradation | 


of maltoheptaose by B-amylase. They found very little of the 5 unit dex- 
trin as an intermediate product, as one would expect from single chain 
action. Bailey and Whelan (9) examined the products of action on malto- 
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heptaose and maltohexaose and found up to 75 per cent single chain action. 
It was also found by examination of the intermediate products of the ac- 
tion on a short chain synthetic amylose containing 42 glucose units that 
the proportion of multichain action was increased at pH values and tem- 
peratures removed from the optimum for enzyme action. 

We have reexamined the action pattern of crystalline sweet potato 
B-amylase, using as substrates synthetic amylose polymers labeled at spe- 
cific positions in the chain with glucose-C%. These polymers were synthe- 
sized by using potato phosphorylase and a known amount of maltoheptaose 
as primer and by calculating the final chain length from a knowledge of 
the amount of glucose-1-phosphate consumed. The scheme for the degra- 
dation of such a polymer labeled in the terminal non-reducing unit with 


Ist 2nd 3rd 4th 5th ete. 
O*—O0O- O—O- O—O- O—O- O—O- 


ScHEME 1 


Scheme for the action of 8-amylase on end-labeled polysaccharide. The first 
reaction gives radioactive maltose; subsequent reactions give inactive maltose. 
By measuring the specific activity of the maltose, one may determine the average 
number of maltose units removed from each molecule of substrate which has been 
attacked. 

Key, O = glucose unit, O* = radioactive glucose unit, — = 1,4 glucosidic linkage, 
O—O- = maltose. 


glucose-C4 is outlined in Scheme 1. In this way, by measuring the spe- 
cific activity of the maltose formed at various stages of the reaction, it was 
possible to determine the average number of maltose units removed by the 
enzyme at each encounter with a labeled polymer molecule. 

Mechanism of Multiple Reactions—In the ordinary formulation of en- 
zyme kinetics as developed by Michaelis and extended by others, it is as- 
sumed that the enzyme (£) and substrate (S) react reversibly and rapidly 
to form a complex (ZS), which then reacts slowly to give products (P): 

ky ko 


ES ——” E+ P 
slow 


E+S 


—1 


For polymeric substrates, however, the product of the initial reaction may 
also be a substrate for the same enzyme. Particularly for enzymes which 
act in an endwise fashion, the first attack on a long molecule does not alter 
the nature of the chain, but merely changes its length. If the life of the 


th 
y- 
ym. 
er 
he 
or 
its 
ic 
y 
C- 
he 
of 
he 
T T T 1 
n- 
it- 
he 
n- 
vO 
er 
he 
1g 
ne 
il- 
a- 
m 
le 
te 
1e 
at 
re 
at 
8) 
n 
x- 
in 


4 SIGNIFICANCE OF MULTIPLE REACTIONS 


enzyme substrate complex is sufficiently great, z.e. if k_, is relatively small 
compared with ke, multiple enzyme attacks on the same substrate molecule 
are possible before the complex dissociates. The kinetics of polymer- 
synthesizing and -degrading enzymes, therefore, are described here by a 
modified Michaelis equation which incorporates these concepts. It fol- 
lows from the modified kinetics that the action pattern of such an enzyme 
depends upon the relative values of the kinetic constants k;, k1, and ky» 
which govern the formation, dissociation, and reaction of the intermediate 
enzyme-substrate complex. Completely multichain or completely single 
chain actions are now seen as extreme cases of a common action pattern 
for which the values of the above reaction constants happen to be particu- 
larly favorable. 

This paper treats the kinetics and distribution of products for enzyme- 
substrate systems in which multiple reactions are possible. The conclu- 
sions reached are fully supported by the results of the experiments with 
specifically labeled polymers and enable a complete and quantitative de- 
scription of the action pattern and kinetic constants to be made for crys- | 
talline sweet potato B-amylase. 


Materials and Methods 


Potato phosphorylase was prepared by the method of Barker et al. (10). 
The enzyme was fractionated twice between 25 and 35 per cent and 19 
and 25 per cent ammonium sulfate concentration. The product was free 
from Q enzyme and a-amylase activity. Radioactive starch was prepared 
from C'-barium carbonate (21 mg., 1.9 me.) as described by Aronoff (11). 
The yield was 0.52 gm. (1.3 me.). Radioactive a-glucose-1-phosphate was — 
prepared from the starch by the method of McCready and Hassid (12). | 
The sample, after carrier was added for recrystallization, had an activity 
of 1.4 we. per mg. (anhydroglucose basis). All glucose-1-phosphate samples 
used were freed from primer impurity by treatment with active charcoal — 
and recrystallization. Maltoheptaose was prepared as described by 
French et al. (13). The crystalline sweet potato 8-amylase was obtained 
from Dr. A. K. Balls. 

Mcthods—Copper-reducing values were measured according to the Nel- 
son-Somogyi method by using the arsenomolybdate reagent (14). Inor- | 
ganic phosphate and glucose-1-phosphate were determined by the method : 
of Allen as modified by Whelan and Bailey (5). Radioactive samples were — 
assayed by using a halogen-quenched end window Geiger-Miiller detector | 
(Nuclear Instrument and Chemical Corporation, type D-34) in conjunc- | 
tion with the usual amplifier and scaler. Radioactive maltose was assayed 
as barium carbonate by the persulfate wet combustion method of Anthony 
and Long, as described by Aronoff (11). 
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Synthesis of Terminally Labeled 44. Unit Amylose-—-Maltoheptaose primer 
(72 mg.) and glucose-1-phosphate (1 gm.) were incorporated in a 100 ml. 
digest with potato phosphorylase (100 mg.) 19.8 units, ammonium molyb- 
date (0.16 per cent), mercuric chloride (7.7 * 10-7 mM), and acetate buffer 
(0.01 mM, pH 6.0). Ammonium molybdate and mercuric chloride were 
used to inhibit possible enzymic impurities in the phosphorylase sample 
(15). The mixture was incubated at 35° and portions were withdrawn at 
intervals for measurement of phosphate liberation. When the chain length 
of the synthetic polymer had reached 43.7 units (10 hours), the enzyme 
was deactivated by being heated at 100° and the solution was filtered to 
remove coagulated protein. The cooled solution was dialyzed against — 
distilled water until the glucose-l-phosphate content was less than 0.5 
per cent and the synthetic polysaccharide was precipitated by adding 3 
volumes of ethanol. The product was washed with ethanol and acetone 
and dried in vacuo at 60°. The yield was 370 mg. 

The synthetic 43.7 unit unlabeled amylose (354 mg.) was then used as 
primer in a second digest having the same composition as before, with the 
exception that radioactive glucose-1-phosphate (5 mg., 3.3 uc.) was added 
in place of the inactive material. The digest was covered with a layer of 
toluene to prevent bacterial action and incubated at 35°. Portions were 
withdrawn at intervals for glucose-1-phosphate analysis. After 96 hours, 
a faint turbidity of precipitating polysaccharide was observed. This was 
dispersed by addition of NaOH (2 ml., 10 N), the solution was neutralized, 
and fresh enzyme (50 mg., 9.9 units) was added. In an additional 72 
hours, the glucose-]-phosphate content had fallen to 50 per cent of the ini- 
tial value. The enzyme was deactivated by heating and the coagulated 
protein was filtered off. The polysaccharide was isolated by alcohol pre- 
cipitation after exhaustive dialysis to remove unchanged glucose-1-phos- 
phate. The yield was 190 mg., with 0.77 K 10°° ue. per mg. This ac- 
tivity corresponds to the addition of an average of 0.22 radioactive glucose 
residue per molecule and to a final chain length of 43.9 glucose units. It 
can be shown (Table I) that this degree of substitution gives 97.9 per cent 
of the radioactivity in the terminal maltose unit. 

B-Amylase Degradation of Terminally Labeled Amylose—Terminally | 
labeled polysaccharide (40 mg., 0.0808 ue.) was dispersed in warm 1 N 
sodium hydroxide and neutralized to pH 4.8 with hydrochloric acid, and 
0.2 mM acetate buffer (3 ml., pII 4.8) was added to a total volume of 25 ml. 
A portion was withdrawn for measurement of initial reducing value and 
crystalline sweet potato B-amylase solution (0.05vn1., 1.3 units) was added. 
The incubation temperature was 35°. When mattese liberation reached 
the required value, the enzyme in part of the digest was deactivated by 
transferring 12 mil. of the digest into mercuric chloride solution (0.5 ml. of 
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6 SIGNIFICANCE OF MULTIPLE REACTIONS 6 
M/6500) at 100°. ‘To the remainder of the digest, an excess of 8-amylase 
(200 units) was added. At 100 per cent conversion the enzyme was de- 
activated as before. The crude maltose, containing traces of unchanged 
polysaccharide and salts, was purified by adsorption of the solutions on 
small charcoal-Celite columns (1.2 X 3.7 cm.) (16). Inorganic salts were 
removed with water (100 ml.) and the maltose was eluted with 7.5 per cent 
aqueous ethanol (90 ml.).. Unchanged polysaccharide remained on the 
columns, Ethanol eluates were taken to dryness in vacuo and redissolved 
in water (10 ml.). Concentrations were determined by copper-reducing 
values after applying a correction for a small amount of reducing substance 
(0.01 mg.) eluted from the charcoal. The specific activity of the maltose 


TABLE | 
Calculated Distribution of Radioactivity in Terminally Labeled 
44 Unit Synthetic Amylose 


0 80.25 | 0 
l 17.62 | SO. 25 97.9% in Ist maltose 
2 1.94 | 17.62 
3 0.142 | 1.94 2.08% ‘ 2nd 
4 0.007 | 0.142 
5 0.00028 0.007 0.007% in 3rd 
6 0.00001 | 0.00028 


units have been added (see under ‘‘Discussion’’). 


was determined by the persulfate wet combustion method and assayed as 
barium carbonate. Inactive maltose (1 to 2 mg.) was added as carrier 
where necessary. The results are shown in Table IT. 


Synthesis of Interiorly Labeled Amylose—Radioactive maltooctaose la- — 


beled in the terminal non-reducing glucose unit was prepared in the fol- 
lowing manner: Maltoheptaose primer (50 mg.) was incorporated in a 5 
ml. digest at pH 6.0 with radioactive glucose-1-phosphate (7 mg., 4.6 yuc.), 
ammonium molybdate (0.16 per cent), mercuric chloride (1.54 X 10-® m), 
and potato phosphorylase (2.7 units). Synthesis was allowed to proceed 
at 35° until liberation of the inorganic phosphate indicated the addition 
of an average of 0.3 glucose unit per primer molecule. The enzyme was 
then deactivated at 100°, and the cooled solution was adsorbed on a small 
charcoal-Celite column. The column was eluted first with 5 per cent aque- 
ous ethanol (200 ml.) to remove unchanged glucose-1-phosphate and in- 
organic salts and then with 35 per cent ethanol (300 ml.) to remove malto- 


Distribution calculated from Nz = (e-* X v?)/x!, where v is the average number _ 
of units added per chain (0.22), and N;, is the fraction of total chain ends to which z | 
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heptaose and higher saccharides. The eluate was taken to dryness in 
vacuo and the residue was dissolved in 25 ml. of water. The concentra- 
tion of carbohydrate was determined by measurement of optical rotation. 
The yield was 33 mg. calculated as maltoheptaose. Paper chromatography 
of the solution showed maltoheptaose to be the major component, with 
smaller amounts of the 8, 6, and 9 unit saccharides. A radioautograph 
of the chromatogram showed most of the activity in the 8 unit dextrin 
with only small amounts in the 7 and 9 unit compounds. The production 
of maltohexaose and the presence of a small amount of activity in the malto- 
heptaose indicated that the reverse reaction with phosphorylase had taken 
place to some extent (see under ‘“‘Discussion’’). The labeled primer (33 
mg.) was incorporated in a 50 ml. digest with inactive glucose-1-phosphate 


TABLE II 
Action of B-Amylase on Terminally Labeled 44 Unit Synthetic Amylose 
Experiment No. et at eee | Activity ratio, R n* | f 
1 
2 10.5 | 3.92 4.4 | 0.77 
3 5.6 | 4.5 4.3 | 0.76 


R = the ratio of the specific activity of the maltose at the given conversion to 
that at 100 per cent conversion. n* = the average number of maltose units re- 
moved per effective encounter between enzyme and substrate. f = (n* — 1)/n* = 
k2/(ke + ki). n* is calculated from Equation 4 where N = 44 units (see under 
‘‘Discussion’’). 


(0.6 gm.), potato phosphorylase (18 units), and with similar concentrations 
of ammonium molybdate as used previously. Synthesis was continued 
until the average chain length was 35.0 glucose units. The polysaccharide 
was isolated by dialysis and ethanol precipitation as before. The yield 
was 169 mg. with an activity of 1.38 X 10-* ue. per mg. This corresponds 
to an average of 0.31 active glucose residue per molecule. 

B-Amylase Degradation of Interiorly Labeled Amylose—The 35 unit syn- 
thetic amylose (73.7 mg.), labeled essentially in the 8th glucose residue from 
the reducing end, was incorporated in a 25 ml. digest with crystalline 
B-amylase (1.5 units) at pH 4.8 and 35°. When maltose liberation had 
reached 2.23 per cent, a portion (20 ml.) was withdrawn and the enzyme 
was deactivated. The remainder was treated with an excess of enzyme 
(1200 units) to 100 per cent conversion. Maltose was separated from the 
solutions by charcoal chromatography and the specific activity was deter- 
mined as before. ‘The ratio of the specific activity of the maltose at 2.23 
per cent conversion to that at 100 per cent was 0.146. 
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8 SIGNIFICANCE OF MULTIPLE REACTIONS 


Measurement of Michaelis Constant for Sweet Potato B-Amylase—Meas- 
urement of the Michaelis constant offered some difficulty because of the 
very high affinity of the enzyme for the substrate. Half maximal activity 
was reached with only about 10-4 m of the 40 unit amylose used as substrate. 
This required the determination of very small quantities of maltose pres- 
ent in relatively large volumes of incubation mixture. The difficulty was 
overcome by modifying the micro-Nelson-Somogyi colorimetric method for 
use with 5 ml. of solution in place of the 1 ml. usually used and by working 
at the limits of sensitivity of the reagent. 

Flasks of 25 ml. capacity were made up containing | ml. of acetate buf- ) 
fer (pH 4.8) and 2 units of the crystalline enzyme. ‘To each was added a 
solution of a synthetic 40 unit amylose, prepared by a method similar to | 


5 


Fic. 1. Lineweaver-Burk plot for the action of B-amylase on 44 unit polysac- — | 
charide. s = molar concentration of 44 unit polysaccharide; v = maltose liberated 
in 30 minutes at pH 4.8 and 35° (arbitrary units). 


those previously described for the labeled compounds, sufficient to give 
final concentrations of 0.31, 0.47, 0.62, 0.78, 0.93, and 1.09 XK 10-* min | 
25 ml. solution. The flasks were incubated at 35°. Portions of 5 ml. were 
withdrawn at zero time and after 30 minutes for determination of liberated 
maltose. A,, was determined graphically by the usual Lineweaver-Burk 
method (Fig. 1). A value for A, of 0.73 *& 10-4 was obtained. 


DISCUSSION ae 

Since the initial product of the action of an enzyme on a polymer (whether 
this be an endwise synthetic or degradative process) is also a substrate for 
the same enzyme, a reaction of the enzyme-substrate complex does not 
imply dissociation as it does in the usual formulation of the Michaelis equa- 
tion. If conditions are favorable, multiple successive reactions with the 
same substrate molecule may occur as the result of a single initial encounter 
between enzyme and polymer substrate. The system is therefore repre- 


we 


0.8 ° 
0.7 
0.6 
0.5 
-|> 03 
0.2 
0.1 


J. M. BAILEY AND D. FRENCH 9 


sented by the following modified Michaelis equation: 


ky k k 
+ PP + BG PP > etc. 
E +S, E+S, 


This equation, for the purposes of the derivations which follow, is con- 
sidered to incorporate the following postulates: 

Postulate J—The rate at which an F# and S encounter each other is gov- 
erned by the kinetic constant k;. (In this sense, ‘‘encounter’”’ and ‘“‘com- 
plex formation” are synonymous.) This constant does not alter during 
the course of the reaction as the substrate molecules may be lengthened or 
shortened. Thus, the probability of an /-S encounter does not depend on 
whether the S has previously encountered or reacted. 

Postulate IJ—The life of a complex, once formed, is determined only by 
the rate constant k_,;. Reaction of the complex to give products is not 
considered to change the basic nature of a given complex. 

Postulate IIJ—Formation of products by a given FS is determined by 
the kinetic constant k».. Having reacted one or more times, the /S con- 
tinues to react with formation of products at the rate /, until dissociation 
occurs by a k_; process. 

Distribution of Encounters per Molecule--From Postulate I, and the fact 
that encounters are completely at random, the distribution of encounters 
per molecule, regardless of how many reactions may have occurred during 
these encounters, is given by the Poisson distribution 


N; = (] ) 


where N, is the proportion of substrate molecules which have been en- 
countered a total of x times and v is the average number of encounters. 
Distribution of Reaction per Encounter—TVhe average number of reactions 
per encounter is simply the ratio ky.:k_.. It ean be shown that the distri- 
bution of reactions per encounter is given by 
ksi ko 


(2) 


where f = ke/(k_-1 + ky) and P,, is the probability that a given enzyme- 
substrate complex will react » times. That this result, is reasonable may 
also be shown by considering that f in reality is the probability that a com- 
plex will react before it decays; (1 — f) is the probability that it will de- 
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cay before it reacts, so that f*-(1 — f) is the probability that it will react 
exactly n times before it decays. 

Distribution of Reactions per Molecule—This may now be obtained by 
combining Equations 1 and 2. The general solution! has the form 


(n — — 1)(L)! 


(3) 


where S,, is the probability that a given substrate molecule has reacted, 


48 


RANDOM ATTACK 


MULTIPLE ATTACK 


% OF MOLECULES SUFFERING n ATTACKS 


e 


O 2 4 6 8 10 12 14 
NUMBER OF ATTACKS n 
Fic. 2. Distribution of attacks per substrate molecule according to (a) random 
attack (Equation 1) and (b) multiple attack per encounter (Equation 3) with f = 
0.75, t.e. ke/k.. = 3. Both distributions represent an average of three attacks per 
substrate molecule. 


z.e. With product formation, just 2 times, and v is the average number of 
encounters per molecule. The form of this distribution is shown in Fig. 
2, where an experimentally determined value of f for B-amylase is used 
(f = 0.75). 

The question of testing whether multiple attack occurs in such systems 
can be reduced to the quantitative determination of the numerical value 
of f, or equivalently from Equation 2, the ratio of k2:k_,. The most ob- 
vious method of approach, for instance for B-amylase action, is to start 
with a homogeneous polymer and to determine by some analytical means 
the distribution of So, S;, Se, etc., at a given extent of reaction. This ap- 
proach is practicable at present only for low molecular weight substrates 


1The mathematical development of Equation 3 will be published elsewhere. 
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in the chromatographic range up to about 10 glucose units. With such 
short substrates, however, the results would be influenced by undesirable 
end effects. A second type of approach which is practicable is illustrated 
in Scheme 1. An amylose type substrate is labeled in the terminal non- 
reducing group. At the first reaction with such a substrate, B-amylase 
will liberate the radioactive glucose unit as maltose. If multiple attack 
occurs, there will also be liberated 1 or more non-labeled maltose units. 
Thus, from a knowledge of the specific activity of the terminal glucose unit 
and the specific activity of the maltose liberated in the first encounter 
which gives reaction, the number of maltose units removed during such an 
effective encounter could be obtained directly. This procedure was modi- 
fied in an actual experiment, since once a substrate has reacted and lost 
its radioactive labeling, it is still capable of participating in further en- 
counters, thereby leading to additional reactions. Moreover, it has been 
seen that not every encounter necessarily leads to reaction. Thus, the 
number of reactions (n*) per effective encounter is greater by 1 than the 
average number of reactions per encounter. Only effective encounters 
can be observed experimentally. In order to surmount these difficulties, 
j is evaluated from the experimental data in the following manner. If N 
is the average chain length of the labeled polymer, a the measured conver- 
sion into maltose, /2 the ratio of the specific activity of the liberated maltose 
to that of the polymer, and x the average number of effective enzyme-sub- 
strate encounters at the given conversion, then the fraction of the mole- 
cules not attacked is e~*. Also, e-? = (1 — aR). The average number of 
maltose units (n*) removed per effective encounter is then given by 


laN aN 


= ( 
r 2 In (1 — aR) 4) 


n* = 


and 


Ko (n* 1) 
+ ke) n* 


f 


It is apparent that multiple attacks per encounter imply a non-zero value 
for f and conversely a non-zero value for f implies multiple attack. 

The results of three experiments of this type are given in Table II. 
They show that this enzyme removes an average of 4.3 maltose units per 
effective enzyme-substrate encounter, giving a value of 3.3 for ke: k-1. 

Since multiple reaction per encounter has been found, two alternative 
mechanisms may be advanced in explanation: (1) multiple successive re- 
actions per encounter as developed here, and (2) multiple active centers 
per enzyme molecule. Although it is not possible to distinguish between 
these processes by use of the substrate labeled in the non-reducing end, a 
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decisive type of experiment involves the use of amylose labeled at the re- — 
ducing end, or better still, an interiorly labeled substrate, since this removes — 
the possibility of undesirable end effects. For example, with the 34 unit © 
polysaccharide labeled in the 8th glucose unit from the reducing end of | 
the molecule, in order to liberate the radioactive glucose as maltose, it is — 


necessary that fourteen or more reactions take place. On the first hypothe- 
sis, this cumulative total is given by Sy + Sis + Sis + ... (Equation 3). 
On the second hypothesis, assuming four active centers, it would be Ny + 


N; + Ne... (Equation 1), since each encounter will now remove 4 maltose ~ 
units. The nature of the distributions represented by Equations 1 and 3 | 
(Fig. 2) is such that, for small extents of reaction, relatively much larger — 
amounts of radioactivity should be liberated on the first hypothesis than | 


on the second. 
A complication is introduced experimentally, however, since at the pres- 


ent time there is no means for obtaining a substrate which consists of a _ 
single molecular species in the range of 35 glucose units. The best that — 


can be hoped for is a substrate mixture in which the distribution between 
the various molecular species present is accurately known. Fortunately 
such a material was experimentally accessible again by the use of the amy]l- 
ose-synthesizing enzyme phosphorylase and ‘primer’ of known consti- 
tution. ‘Thus, by considering that each step in the endwise synthesis of 
the polysaccharide is completely at random, a material will be built up 
in which the different molecular species are present in a Poisson type 
distribution. It has been shown that potato phosphorylase obeys fairly 
well the conditions necessary for such a distribution (7.e. that f is essentially 
zero) since calculated distributions agreed well with those observed experi- 
mentally (5, 17). Furthermore, experiments similar to those described 
here for B-amylase have shown that the f value for potato phosphorylase 
is less than 0.3. An exact determination is not possible at the present be- 
cause of the uncertainty of assessing the contribution due to the reversi- 
bility of phosphorylase action. In the method described here, the distri- 
bution was calculated by adding the total amount of the forward reaction 
and the reverse reaction, and considering that the resulting distribution 
was the same as a Poisson distribution which would be formed by starting 
with a “‘primer”’ shorter by just twice the total backward reaction. 

The interiorly labeled amylose was prepared by potato phosphorylase 
action on maltoheptaose and radioactive glucose-1-phosphate until an 
average of 0.3 active glucose unit had been added to each chain. This 
labeled product was then used as ‘‘primer’”’ in a second synthesis with in- 
active glucose-l-phosphate. The polysaccharide so obtained had an aver- 
age chain length of 35.0 glucose units and was labeled essentially in the 8th 
glucose unit from the reducing end. This was subjected to the action of 
B-amylase. ‘The maltose isolated at 2.23 per cent conversion had a spe- 
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cific activity 0.146 times that of the polysaccharide. The theoretical value 
was obtained by treating separately each of the species present in the dis- 
tribution, as previously described for the 34 unit compound, and summa- 
tion. The calculated value according to the first hypothesis, z7.e. multiple 
attack per encounter, was 0.1446. This agreement confirms the value of 
f obtained in the experiments with end-labeled substrate. Moreover, the 
value 0.146 rules out the multiple active center mechanism for which the 
specific activity of the maltose should have been only 0.0043 times that of 
the polysaccharide. 


Significance of Multiple Attack As It Relates to Absolute Enzyme Kinetics 


In the ordinary formulation of enzyme kinetics, the enzyme-substrate 
“dissociation” constant K,», (the Michaelis constant) is equal to (kz + 
k_1)/ki, where the velocity constants ki, k_1, and kz refer to encounter, dis- 
sociation, and reaction essentially as they have been used in the present 


| article. However, for substrates which are capable of multiple successive 
~ reaction, the Michaelis constant is exactly equal to the enzyme-substrate 
dissociation constant k_1:k;. This follows, since in ordinary non-multiple 


reactions, whether the LS complex reacts or dissociates, the net effect is a 


dissociation of enzyme from reactants or products. In cases in which 


multiple successive reactions are possible, the k, kinetic step does not lead 
to dissociation, which can occur only through a k_; process. 
Measurement of the ‘“‘turnover number” of an enzyme which is charac- 
terized with respect to its molecular weight gives an absolute value for 
ko. The “turnover number” for crystalline sweet potato B-amylase is 
2.5 & 10° links per minute at 30° (18). This gives a value for kz of 0.42 X 
10¢ sec... For f = 0.76, then k_; is 0.13 X 10* sec’. The measured 
K., value for the enzyme with the 44 unit amylose as substrate was 0.73 
10-4 m. Since K,, is k_1:ki, a value for kj = 1.82 10? m7 is ob- 
tained. It is apparent that this combination of experimental procedures 
can be used as a new route for the absolute kinetic description of an enzymic 


reaction. 


The authors are indebted to Professor 8S. Aronoff for considerable as- 
sistance with the synthesis and activity measurement of the radioactive 
materials and to Professor A. IX. Balls for the crystalline sweet potato 
B-amylase used. The work was supported in part by a grant from the 
Corn Industries Research Foundation. 


SUMMARY 


1. The endwise enzymic attack on a polymer is formulated kinetically 
in terms of k; (complex formation), k_; (complex dissociation), and ks» (re- 
action to give products). 
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2. The number of times a substrate molecule is attacked during a single | 


encounter is equal to k2/k_1. 


3. For enzymes which operate by multiple attack, the Michaelis con- 


stant is identical with k_,/k,. 


4. A polysaccharide having an average chain length of 44 glucose units | 


was synthesized, the non-reducing end being labeled with C'. Brief ac- 
tion of B-amylase on the synthetic polysaccharide gave radioactive maltose. 
From the ratio of the specific activity of the maltose to that of the parent 
polysaccharide, the ratio k2/(k_1 + k2) was calculated to be 0.76. This 
ratio is equivalent to about four enzymic attacks per effective encounter 
with the substrate molecule. 


5. The possibility of multiple active centers acting simultaneously on a _ 
single substrate molecule was eliminated by use of an interiorly labeled — 


polysaccharide chain. 


6. The Michaelis constant (k_:/k:) for action of B-amylase on 44 unit | 
polysaccharide was found to be 0.73 X 10-*M. From this value, the ratio — 


ko/k_y + ke, and the literature value for the turnover number (kz, = 0.42 X 
104 sec.—!), absolute values were determined for k; (1.82 X 107 m7 see.~!) 


and k_, (0.13 10% sec.—'). 
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THE OXIDATION OF KETONE BODIES BY MITOCHONDRIA 
FROM LIVER AND PERIPHERAL TISSUES* 


By WILLIAM P. McCANN{T 


(From the Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Baltimore, Maryland) 


(Received for publication, October 3, 1956) 


It has been shown that the two stereoisomers p(—)-8-hydroxybutyric 
acid and L(+)-6-hydroxybutyriec acid are oxidized by different enzymatic 
pathways in liver mitochondria (1). It was shown that the L(+) isomer 
must be converted into the form of its coenzyme A ester before oxidation 
can occur, whereas the free unesterified p(—) isomer is oxidized to aceto- 
acetate by the well known diphosphopyridine nucleotide-specific p(—)- 
p-hydroxybutyric dehydrogenase (2). 

Although it has been generally accepted that the Krebs citric acid cycle 
represents the final oxidative pathway for oxidation of ketone bodies in 
peripheral tissues, very little work has been reported on the oxidation of 
ketone bodies by mitochondria isolated from peripheral tissues. 

This paper presents experiments on the oxidation of p(—)-8-hydroxy- 
butyric acid, L(+)-6@-hydroxybutyric acid, and acetoacetic acid by washed 
mitochondria from rat liver, heart, brain, kidney, and pigeon breast mus- 
cle,! designed to determine whether there are tissue differences in the path- 
ways of oxidation of the ketone bodies at least at the mitochondrial level. 


EXPERIMENTAL 


Mitochondria from liver, kidney, and heart were prepared by the pro- 
cedure of Schneider (4) by using 0.25 M sucrose. Brain mitochondria were 
prepared by the method of Brody and Bain (5), and mitochondria of pigeon 
breast muscle by the method of Chappell and Perry (6). After the wash- 
ing procedure, the mitochondrial pellet isolated from 1 gm. of tissue was 
suspended in 1.0 ml. of 0.25 m sucrose in the case of liver, kidney, heart, 


* Supported by grants to A. L. Lehninger from The United States Public Health 
Service and the Nutrition Foundation, Inc. 

t This work was done during the tenure of a postdoctoral fellowship of the Life 
Insurance Medical Research Fund. 

Present address, Department of Medicine, The Johns Hopkins University, School 
of Medicine, Baltimore 5, Maryland. 

1 Attempts to make active mitochondrial preparations from skeletal muscles of 


_ the rat, dog, and cat were unsuccessful, which is compatible with the experience of 


Paul and Sperling (3), who found that only heart and pigeon breast muscle yielded 
sufficient mitochondria to oxidize the Krebs cycle intermediates to completion. 
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and brain material. Mitochondria of pigeon breast muscle were resus-— 
pended in the supernatant fraction from the first high speed centrifugation. | 
Only under these circumstances could oxidation of acetoacetate be ob- 


tained. | 

The reaction mixture used for mitochondria isolated from liver, kidney, 
and heart consisted of 0.02 m (pH 7.4) potassium phosphate buffer, 0.001 m 
adenosine triphosphate, 0.005 m MgClo, 0.0005 m fumarate, and 0.4 ml. of 


mitochondrial suspension, the final volume being 1.0 ml. For brain par- — 
ticles it was identical, except that the fumarate concentration was 0.002 M. — 
Particles from pigeon breast muscle were incubated in a medium differing © 
from the above only in that adenosine triphosphate was 0.002 m, fumarate — 
0.002 m, and that 1.0 ml. of mitochondrial suspension was used, the final | 
volume being 2.0 ml. Incubation temperatures are indicated in Fig. 1. 
In all cases the stereoisomers of 8-hydroxybutyric acid were used at 0.01 M, | 


acetoacetic acid at 0.005 m, and pyruvate at 0.02 m. 


Manometric experiments were performed with standard Warburg equip- — 


ment. Acetoacetate determinations were performed by the method of 
Barkulis and Lehninger (7). The stereoisomers of 6-hydroxybutyric acid 


were kindly supplied by Dr. G. D. Greville, in the form of the sodium salt. 


Results 


In the experiments summarized graphically in Fig. 1, a comparison has | 
been made of the oxygen uptakes resulting when p-8-hydroxybutyrate, — 
L-8-hydroxybutyrate, and acetoacetate were incubated aerobically with — 
mitochondria isolated from rat liver, kidney, heart, brain, and pigeon breast — 
muscle. Low concentrations of fumarate were added in all cases as pre- — 
cursor of oxalacetate, the concentrations being chosen to give maximal | 
rates of citric acid cycle activity. In each experiment, a control vessel 


provided a measure of the blank respiration with fumarate alone, and a _ 
second control vessel containing pyruvate plus fumarate gave an approxi- — 


mate measure of the total capacity of the citric acid cycle in each case © 


under the experimental conditions chosen. Formation of acetoacetate from 
the isomers of B-hydroxybutyrate was measured and is also recorded in 
Fig. 1. Utilization of acetoacetate was measured, in those vessels in 
which it was the primary substrate, by subtracting the residual acetoacetate 
in the medium from that present in a control acetoacetate vessel in which 
the reaction was stopped at zero time. 

As expected, acetoacetate was not oxidized by liver mitochondria. On 
the other hand, it was oxidized by mitochondria from kidney, heart, brain, 
and pigeon breast muscle as evidenced by the extra oxygen uptake and 
by the disappearance of acetoacetate from the medium. Kidney mito- 
chondria were most active in oxidizing acetoacetate. Presumably, some 
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of the acetoacetate utilized was reduced to p-8-hydroxybutyrate, but this 
was not measured. Such a possibility has been suggested by Von Korff 
(8). These findings on isolated mitochondria are in complete accord with 
the known pattern of oxidation of acetoacetate by intact extrahepatic tis- 


LIVER KIDNEY 
—-20-— 


L(+) 
O D(-) L(+) A P 


BRAIN PIGEON BREAST [ 
—20- 
O D(-) L(+) A O Di)L(+) A P 
—80- HEART 


O De)L(+) A P 

Fic. 1. The oxidation of ketone bodies by mitochondria from liver and extra- 
hepatic tissues. 0, no substrate; p(—)-, p(—)-8-hydroxybutyric acid; L(+)-, L(+)- 
8-hydroxybutyric acid; A, acetoacetate; P, pyruvate. Open bars, oxygen uptake in 
microatoms per mg. of mitochondrial nitrogen per hour. Dark bars, acetoacetate 
production (above base-line) or utilization (below base-line), micromoles per mg. of 
mitochondrial nitrogen per hour. Incubation temperatures: liver, kidney, heart, 
brain, 30°; pigeon breast muscle, 22.5°. Multiplication of the acetoacetate disap- 
pearance (micromoles) by a factor of 8 gives the theoretical extra oxygen uptake 
(in microatoms) to be observed if acetoacetate oxidation proceeded completely to 
CO. + H.O. Only in heart and muscle does this appear to happen. 


sues. It is noteworthy that, with mitochondria of pigeon breast muscle, 
oxidation of acetoacetate could be shown only by adding a supernatant 
fraction from one of the first centrifugations. On the other hand, pyruvate 
oxidation occurred in the presence or absence of the supernatant cyto- 
plasmic fraction. 

Both stereoisomers of B-hydroxybutyrate were oxidized at a high rate 
by mitochondria from liver, heart, and kidney. Brain and skeletal muscle, 
however, showed marginal activity, the extra oxygen uptake being so small 
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as to be of questionable significance. In all cases, except pigeon breast 
muscle, the oxidation of p-6-hydroxybutyrate produced an accumulation 
of free acetoacetate as compared with the control with no substrate. The 
failure to show appreciable accumulation of acetoacetate in pigeon breast 
muscle is possibly due to its removal as rapidly as it is form d. In 
liver, but in no other tissue, a small acetoacetate production resulted from 
the oxidation of the L(+) isomer. The mitochondria from heart ind kid- 
ney thus resemble those from liver which Lehninger and Greville (1) had 
earlier shown to oxidize the two stereoisomers by different pathwav=. The 
findings suggest that liver, kidney, heart, and brain contain the v-8-hy- 
droxybutyric dehydrogenase, a suggestion which has been confirmed by 
direct assay for the dehydrogenase in these tissues.2 It is considered sig- 
nificant that neither isomer of 6-hydroxybutyrate yields appreciable extra 
oxygen uptake by mitochondria of pigeon breast muscle, in agreement with 
the work of Stadie et al. (9), who were unable to demonstrate oxidation 
of pL-6-hydroxybutyrate by a mince of cat skeletal muscle, although aceto- 
acetate was utilized. These findings have an obvious bearing on the ques- 
tion of the primary fuels for the skeletal muscle mass. 

The relative rates of oxidation of the stereoisomers of 8-hydroxybutyrate 
differ from tissue to tissue. ‘They are nearly identical in liver and kidney; 
however, the p(—) isomer is oxidized at a substantially higher rate in 
heart and brain. The rate of oxidation of the isomers of B-hydroxybutyrate 
may be compared with the rate of oxidation of pyruvate, presumably an 
indicator of at least the lower limits of the maximal oxidative capacity of 
the Krebs citric acid cycle. It is seen that the oxidative capacity toward 
the isomers of 6-hydroxybutyrate is usually considerably lower than that 
toward pyruvate; in kidney and liver, however, it is nearly 80 per cent that 
of pyruvate. 


DISCUSSION 


In recent years the patterns of oxidation of fatty acids and ketone bodies 
have been worked out and reviewed (10, 11). Fig. 2 presents a graphic 
summary of the enzymatic pathways for oxidation and interconversion of 
the stereoisomers of 6-hydroxybutyric acid and acetoacetic acid which have 
been reported to occur or which have been postulated. The relationships 
of cis- and trans-crotonic acids suggested by Wakil (12) are also shown; 
these suggestions appear to be at variance with the properties of crystalline 
crotonase reported by Stern et al. (13). 

Lehninger and Greville (1) demonstrated a major difference in the path- 
ways of oxidation of p-8-hydroxybutyrate and .L-8-hydroxybutyrate in 
liver mitochondria (cf. Fig. 2), and they presented evidence that L-6-hy- 


2? Dr. H. C. Sudduth, unpublished observations. 
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droxybutyryl coenzyme A (and possibly the coenzyme <A derivatives of 
the higher Lt-hydroxy fatty acids) are normal intermediates in fatty acid 
oxidation. For this reason, as Lehninger and Greville pointed out, it now 
seems inappropriate to refer to p-6-hydroxybutyric acid as the ‘naturally 
occurring isomer.” Although the §-hydroxybutyric acid found in the urine 


C ROTONYL CROTONYL 


x\\ 


D(-)BOH L(+) BOH- 


4 AcAc CoA 


2 ACETYL 
/ 
OQ 
v 


= 
2 
© 


ACETOACETIC ACID 


Fic. 2. Diagram showing pathways of metabolism of ketone bodies. It is to be 
noted that Wakil (12) and Stern et al. (13) are in direct disagreement regarding the 
product of hydration of cis-crotonyl CoA. For further discussion of this point, see 
Stern and del Campillo (14). References to papers reporting these pathways are as 
follows: Pathways I (2), II (1), III (13), IV (1), V (1), VI (15), VII (16-18), VIII (16, 
19), IX (16-18), X (12), XI (12, 13), XII (13), XIII (20, 16,17). Abbreviations used 
in this figure are as follows: CoA, coenzyme A; p(—)BOH and L(+)BOH, v(—)- and 
L(+)-8-hydroxybutyric acid, respectively; p(—)BOH-CoA and _ 1(+)BOH-CoA, 
p(—)- and L(+)-8-hydroxybutyryl coenzyme A; AcAc-CoA, acetoacetyl coenzyme 
A; ATP, adenosine triphosphate. 


of diabetics is levorotatory (21), it has not yet been shown conclusively 
that the L(+) isomer does not occur, at least in small amounts, in the 
urine. For example, the specific rotation of the p-8-hydroxybutyric acid 
found in the urine is slightly lower than the values reported more recently 
on purified samples (1). The isomeric form of 6-hydroxybutyric acid in 
blood has not yet been established. 

The liver differs from the peripheral tissues in that it shows little or no 
utilization of acetoacetic acid (22) and in that it delivers ketone bodies to 
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the blood. There are at least two known mechanisms for the activation 
of acetoacetate to its coenzyme A derivative, one involving adenosine tri- 
phosphate directly (Fig. 2, Pathway XIII), demonstrated in pigeon liver 
(20) and pig kidney (16), and one involving the transfer of coenzyme A 
from succinyl coenzyme A to acetoacetate, demonstrated in pig heart 
(16-18) (Fig. 2, Pathway IX). Neither pathway appears to operate in 
mammalian liver. The relative importance of these activation mech- 
anisms has not yet been established in any other tissue. However, a third 
mechanism for the activation of acetoacetate is also possible, although its 
physiological significance is not known. This would be the reduction of 
acetoacetate to p-6-hydroxybutyrate through the action of p-8-hydroxy- 
butyric dehydrogenase, followed by the activation of p-8-hydroxybutyrate 
to form p-8-hydroxybutyryl coenzyme A (1). A racemase already demon- 
strated in liver (12) (cf. Fig. 2, Pathway IIT) could convert the p-8-hydrox- 
yvbutyryl coenzyme A to L-6-hydroxybutyryl coenzyme A, which could 
then be oxidized to acetoacetyl coenzyme A (Fig. 2, Pathway IV). 

Acetoacetyl coenzyme A can also be formed in the liver, and probably 
peripheral tissues, in the process of fatty acid oxidation or by the coupling 
of 2 acetyl coenzyme A molecules to form acetoacetyl coenzyme A and co- 
enzyme A (16-18). There exists in liver a deacylase, which rapidly hy- 
drolyzes acetoacetyl coenzyme A to free acetoacetate and coenzyme A, by 
an irreversible hydrolytic process (16, 19) and this must explain in part 
the propensity of the liver to excrete ketone bodies into the blood. The 
formation of free 6-hydroxybutyric acid could result from reversal of the 
adenosine triphosphate-dependent activation of the B-hydroxybutyrate iso- 
mers to their coenzyme A esters (Fig. 2, Pathways II + V), or by the action 
of hydrolytic deacylases specific for the B-hydroxybutyryl coenzyme A es- 
ters. Such specific deacylases have not yet been directly demonstrated. 

The results reported in this paper indicate that there are some differ- 
ences in the over-all patterns of oxidation of the stereoisomers of 6-hydrox- 
ybutyric acid by mitochondria from liver and extrahepatic tissues. Both 
stereoisomers are oxidized by mitochondria of liver, heart, and kidney. 
The p(—) isomer is oxidized by brain, but the data show little, if any, 
oxidation of the L(+) isomer. Pigeon breast muscle mitochondria appear 
not to oxidize either isomer. In the case of liver, heart, kidney, and brain, 
it can be seen that acetoacetate accumulation is greater when p-8-hydroxy- 
butyrate is used as substrate than when L-$-hydroxybutyrate is used. 
This would indicate that conversion of free L-@-hydroxybutyrate to free 
acetoacetate is not the initial reaction in these tissues, but rather that 
L-8-hydroxybutyrate, when oxidized, must be activated to its coenzyme A 
ester before oxidation ensues. It is also seen that liver differs from the 
other tissues in its inability to utilize acetoacetate. 
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In order to determine whether brain is capable of utilizing L-8-hydroxy- 
butyrate, or whether skeletal muscle can oxidize either isomer, it will be 
necessary to use techniques other than those used in this study, such as 
isotope-labeled substrates. 


SUMMARY 


Experiments are presented which compare the oxidation of L(-+)-f- 
hydroxybutyric acid, p(—)-8-hydroxybutyric acid, and acetoacetic acid 
by washed mitochondria from rat liver, kidney, heart, and brain, and 
pigeon breast muscle supplemented with a precursor of oxalacetate. The 
mitochondria of all of the tissues, except liver, could be shown to oxidize 
acetoacetic acid. Oxidation of both stereoisomers of 6-hydroxybutyric 
acid occurred with mitochondria from liver, kidney, and heart, whereas 
brain oxidized only the p(—) isomer at an appreciable rate. No evidence 
of oxidation of either isomer of 6-hydroxybutyric acid by pigeon breast 
muscle was found. The evidence presented is compatible with the view 
that in those tissues where utilization could be shown, p(—)-8-hydroxy- 
butyric acid is converted first to free acetoacetic acid via the action of 
p(—)-8-hydroxybutyric dehydrogenase, whereas the L(-++) isomer is first 
activated to its coenzyme A ester and then oxidized to acetoacety] coen- 
zyme A, which is then oxidized further via the Krebs citric acid cycle. 

Oxidation of acetoacetic acid by mitochondria of pigeon breast muscle 
could be shown only when a supernatant soluble fraction of the muscle 
was added to the reaction mixture. 


The author is deeply indebted to Dr. A. L. Lehninger for advice and 
assistance in this work. 
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OXIDATIVE PHOSPHORYLATION BY 
LUPINE MITOCHONDRIA* 


By ERIC E. CONN anp L. C. T. YOUNG | 


(From the Departments of Agricultural Biochemistry, and Soils an¢ Plant Nutrition, 
University of California, Berkeley, California) 


(Received for publication, September 4, 1956) 


In 1951, Millerd et al. (1, 2) isolated cytoplasmic particles from etiolated 
mung bean seedlings which catalyzed the oxidation of intermediates of the 
Krebs cycle and simultaneously supported oxidative phosphorylation. 
Although the general properties of these plant mitochondria resembled 
those isolated from animal tissues (3), one interesting and disturbing differ- 
ence was stressed; the number of moles of inorganic phosphate esterified 
for each atom of oxygen consumed (7.e. the P:O ratio) during the oxidation 
of the substrates was unusually low (2, 4). The value did not exceed 1.0 
for any of the substrates investigated. 

Since this initial work, plant mitochondria have been isolated from sev- 
eral different sources (see the review by Hackett (5)). However, only 
limited information has been obtained concerning the phosphorylative 
ability of these preparations. ‘The extensive investigations conducted by 
Laties (6) on cauliflower mitochondria were chiefly concerned with the 
ability of these particles to oxidize substrates of the Krebs cycle. In this 
work, however, some P:O ratios with values significantly above 1.0 were 
observed; the highest value obtained in a single experiment was 2.36 with 
a-ketoglutarate as substrate. Biale (7) also prepared particles from avo- 
cado fruit which exhibited a P:O ratio of 2.4 with a-ketoglutarate when 
corrections were made for adenosinetriphosphatase activity. These stud- 
ies were sufficient, therefore, to suggest that the low P:O ratio of 1.0 ob- 
served with mung beans did not apply to all plant tissues. 

In 1953, Brummond and Burris (8) isolated mitochondria from the coty- 
ledons of etiolated white lupine seedlings and demonstrated that these 
preparations oxidized pyruvate by way of the tricarboxylic acid cycle. 
In a preliminary report (9) we presented experiments which showed that 
these particles carried out oxidative phosphorylation with efficiencies equal 
to those observed with animal mitochondria. This paper describes these 
experiments in more detail, together with additional observations on prop- 
erties of lupine mitochondria. 

Recently, Smillie (10, 11) has obtained mitochondria from etiolated pea 


* This work was supported in part by a grant-in-aid from the American Cancer 
Society. 
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stems and from green pea leaves which are as efficient as animal mito- 
chondria in phosphorylation. Lieberman and Biale have also observed 
similar results with mitochondria prepared from sweet potato roots (12). 


Methods and Materials 


In the experiments described in Table I, the lupine mitochondria were 
prepared as previously described (13). In the remaining experiments, the 
isolation media were modified as follows: the grinding medium was 0.5 M 
sucrose-0.1 m phosphate, pH 7.8 to 8.0; the first suspending solution was 
0.5 m sucrose-0.01 m phosphate, pH 7.4; the second and final suspending 
solution was 0.5 m sucrose-0.001 mM phosphate, pH 7.4. The lower phos- 
phate concentrations used in the washing and suspending media were re- 
quired in order to decrease the total amount of inorganic phosphate pres- 
ent in the final reaction mixtures. 

Manometric measurements were carried out in the Warburg apparatus 
at 25°. The gas phase was air; the center well contained 0.2 ml. of 20 per 
cent KOH, together with a small piece of filter paper. Immediately after 
isolation and washing, the lupine mitochondria were added to the main 
compartments of Warburg vessels containing the otherwise complete reac- 
tion mixtures at room temperature (22-25°). The vessels were quickly 
attached to manometers and placed in the bath. After an equilibration 
period of 6 to 8 minutes, the manometer taps were closed and measurements 
started. The manometric determinations were of sufficient duration, usu- 
ally 20 or 30 minutes, to measure the oxygen uptake accurately. 

The following procedure, suggested by the studies of several workers 
with animal mitochondria (14-18), was used for the determination of phos- 
phate esterification. The time at which each vessel received mitochondria 
and was placed in the bath was carefully noted. At the end of the equili- 
bration period (¢ = 0), 0.5 ml. of 35 per cent trichloroacetic acid was tipped 
from the side arm of control vessels. Oxygen uptake was followed in the 
remaining vessels for various periods of time, after which trichloroacetic 
acid was tipped from the side arms. Upon acidification, the reaction 
mixtures were rapidly cooled to 0° and centrifuged and the supernatant 
solutions analyzed for inorganic phosphate according to Gomori (19). 
Analyses were carried out on one pair of duplicate vessels at the end of the 
equilibration period (¢ = 0) and on another pair at the end of the experi- 
mental period. The difference between these values was the esterification 
which occurred during the period of measured oxygen uptake. 

The nitrogen content of the mitochondrial preparation was determined 
by the micro-Kjeldahl procedure of Ma and Zuazaga (20). Unless other- 
wise indicated, the amount of mitochondria added to each vessel contained 


L to 2 mg. of nitrogen. 
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a-Ketoglutaric acid (m.p. 112°, uncorrected) was recrystallized from 
ethyl propionate (21). The other organic acid substrates and malonic 
acid were either products of reagent grade or were recrystallized from ap- 
propriate solvents. AMP! was purchased from the Schwarz Laboratories, 
Inc., ADP, ATP, and coenzyme A from the Pabst Laboratories, and 
DPN? and cytochrome c from the Sigma Chemical Company. A mixture 
of coenzymes containing TPNt+, DPN*, and coenzyme A was supplied by 
Dr. M. A. Mitz, Armour Laboratories. Cocarboxylase (Merck) and lipoic 
acid (Lederle) were gifts from Dr. P. K. Stumpf. Hexokinase (Fraction 
3a) was prepared according to Berger et al. (22).? 


RESULTS AND DISCUSSION 


In preliminary studies, the age of the lupine seedling was found to be 
an important factor in obtaining mitochondria which could oxidize certain 
intermediates of the Krebs cycle and glutamic acid. The activity of mito- 


TaBLeE 
Effect of Age of Etiolated Seedling on Oxidations Catalyzed by Lupine Mitochondria 
The values are given in microliters of O2 per hour per mg. of N. 


Age of seedling 
Substrate added 
12 hrs. 2 days 4 days 10 days 
Suceinate............ 19 70 167 208 
a-Ketoglutarate...... 49 100 122 118 
42 46 72 72 
30 25 74 90 
L-Glutamate.......... 3 65 68 91 
4 4 9 5 


The reaction mixtures contained 0.02 M substrate, 1.5 X 10-°m AMP, 10-?m MgCl, 
7.5 X 10-3 phosphate, pH 7.2, 0.01 m glucose, 0.01 m NaF, 0.4 M sucrose, and mito- 
chondria (1.76 to 2.73 mg. of N) in a total volume of 3.0 ml. Those vessels contain- 
ing a-ketoglutarate, L-malate, and L-glutamate also received 1 mg. of Armour’s 
coenzyme mixture. QO». uptake was measured for 30 minutes after equilibration. 


chondria obtained from cotyledons of etiolated seedlings of different ages 
is compared in Table I. Since higher rates of oxidation were observed in 
the case of every substrate when particles from older seedlings were used, 
the cotyledons employed in all subsequent experiments were from plants 
which were 4 or 5 days old. 

1 Abbreviations: AMP, ADP, and ATP are used for the mono-, di-, and triphos- 
phates of adenosine, DPN*+ and TPN? for di- and triphosphopyridine nucleotide, and 
EDTA, ethylenediaminetetraacetate. 

2 The authors express their appreciation to Dr. R. G. Bartsch for a sample of hexo- 
kinase (Fraction 3a) used in preliminary experiments. 
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In order to determine the optimal sucrose concentration for isolating © 
lupine mitochondria, the rates of oxidation of a-ketoglutarate, succinate, — 
citrate, and L-glutamate were examined. The rates with the different sub- 
strates increased in amounts varying from 10 to 100 per cent when 0.5 m | 
sucrose rather than 0.25 m or 0.75 m sucrose was used. Attempts to iso- | 
late the particles in water resulted in preparations which were inactive  ‘ 
toward all of the substrates listed, including succinate. 

Farlier studies (13) had shown that sucrose homogenates of lupine coty- | 
ledons were approximately pH 5.0 to 5.5, and that considerable amounts © 
of alkali had to be added to adjust the pH to 7.0. It was also known that, — 
unless the pH was adjusted rapidly during the initial stages of the grinding, 
the oxidative ability of the particles was sharply reduced. In order to 
prevent an excessive lowering of the pH during isolation, the original pro- | 
cedure was modified to include a buffer in the grinding medium. 0.5 m 
sucrose-0.1 mM phosphate, pH 7.4, was slightly superior to 0.5 m sucrose-0.1 — 
M tris(hydroxymethyl)aminomethane, pH 7.4, but the use of either of the — 
sucrose-buffer mixtures was preferable to the use of 0.5 m sucrose alone. | 
Even under these conditions KOH had to be added to the homogenate dur- _, 
ing grinding to adjust the pH to 7.0. The need for maintaining neutrality — 
during isolation of the lupine particles was recognized by Brummond and 
Burris (8), who used solid K.CO; during grinding. 

Cofactor Requirements—Particles prepared as described will catalyze the 
oxidation of succinate, L-malate, citrate, a-ketoglutarate, and L-glutamate. 
They will also catalyze the oxidation of pyruvate in the presence of L-malate 
or other dicarboxylic acids. The cofactor requirements for this latter reac- | 
tion are given in Table II, together with similar data for the oxidation of — 
a-ketoglutarate. Cytochrome c and coenzyme A appear to have little ef- 
fect on either of these reactions. In their studies on the oxidation of pyru- | 
vate, Brummond and Burris (8) also found no requirement for additional 
cytochrome c. They did observe, however, that DPN+ stimulated the | 
oxidation of pyruvate, as did a coenzyme concentrate which contained 
DPNt, TPNt, and coenzyme A. Our finding that DPN*+ doubled the R 
oxidation of pyruvate, therefore, is in agreement with theirs. It should - 
be noted, however, that DPNt does not have to be added for optimal oxi- 
dation of a-ketoglutarate by lupine mitochondria, an observation which : 

a 
V 
t 


has been made previously (13). The data in Table II also show that the 
oxidation of pyruvate is increased slightly in the presence of cocarboxylase, 
but that lipoic acid had no effect. Neither of these cofactors affected the 
oxidation of a-ketoglutarate by the lupine preparations. 

Brummond and Burris (8) found that the addition of ATP and Mgt+ 
ions stimulated the oxidation of pyruvate-malate mixtures by lupine mito- 
chondria. Table III, with data obtained in two different experiments, 
also shows that an adenyl phosphate (AMP) is required for the oxidation 
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TaBLeE II 
Cofactor Requirements for Oxidation of Pyruvate and a-Ketoglutarate 
Conditions | “poems + | a-Ketoglutarate 
| pl. Oo per hr. | pl. Oo per hr. 

without cytochrome c......., 165 | 144 

coenzyme A..........| 177 | 165 

pyruvate............ | 92 | 

+ ecocarboxylase............. | 204 


The complete reaction mixture contained 0.02 M pyruvate or a-ketoglutarate, 2 X 
10-3? m AMP, 1.5 X 107? mM MgSQ,, 0.01 m phosphate, pH 7.2, 0.01 m glucose, 0.01 m 
NaF, 0.4 m sucrose, 7 X DPN*, 2.4 X M cytochrome c, 4 X 107-5 M coenzyme 
A, and mitochondria in a total volume of 3.0 ml. The vessels containing pyruvate 
also contained 0.002 m L-malate, 0.002 m EDTA, and, where indicated, 1.6 X 10-5 m 
lipoic acid or 7 X 10-4 M cocarboxylase. O: uptake was measured for 60 and 20 
minutes, respectively, for pyruvate and a-ketoglutarate oxidation. 

* a-Ketoglutarate omitted. 


TaBLeE III 
Cofactor Requirements for Oxidative Phosphorylation with a-Ketoglutarate 
| Experiment 1 Experiment 2 
Conditions 
O2 uptake | P uptake O2 uptake P uptake 
| pl. | microatoms pl. microatoms 
Complete system...................) 90 | 24.9 59 12.9 
without AMP...... 39 | (+0.4) 7 (+0.1) 
MgSOQ,.... | 49 3.7 
phosphate.; 69 0 0 0 
glucose....| 34 | 9.1 38 8.3 
Substitute ADP for AMP............ | 81 | 20.1 


The reaction mixtures contained 0.02 m a-ketoglutarate, 1.5 X 10-3? m AMP (or 
ADP), 10-4 m DPN*, 1.5 K 10-3 m MgSO,, 0.01 m malonate, 0.01 m glucose, 0.01 m 
NaF, 0.4 m sucrose, and mitochondria in a total volume of 3.0 ml. Experiments 1 
and 2 contained 0.017 m and 0.01 m phosphate buffer, pH 7.2, respectively. The 
values for O2 and P uptake are those observed after 20 minutes. The values in paren- 
theses indicate a small increase in inorganic phosphate. 


of a-ketoglutarate and the esterification of inorganic phosphate. Due to 
the presence of myokinase in the lupine mitochondria (23), AMP was able 
to serve as the phosphate acceptor (16, 24). Indeed, other experiments 
indicated that AMP was just as effective as ADP or ATP. The presence 
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of 0.01 m fluoride had little effect on either the oxygen or phosphate uptake 
due to a-ketoglutarate oxidation. This was anticipated, in view of the 


fact that fluoride effects are minimal in the presence of the glucose-hexo- | 


kinase trapping system (16). The concentration of fluoride used (0.01 m) 


is known not to inhibit mitochondrial myokinase (23, 24). 


The effect of Mgt* ions on oxygen consumption was less pronounced 


(Table IIT), but phosphate uptake showed a definite requirement for Mg**. 
When inorganic phosphate was omitted from the reaction mixture, the 


oxygen uptake was strongly inhibited in one experiment but only 23 per | 


cent in the other. 
In these experiments, glucose served as the ultimate acceptor for the 


phosphate incorporated into ATP during oxidative phosphorylation. In 


the complete reaction mixture approximately half of the inorganic phos- 


phate was esterified. These results were obtained in the absence of added | 
hexokinase and indicate the presence of a hexokinase associated with © 


the !upine particles, a situation which is common in plants (25). In par- 
allel experiments with radioactive inorganic phosphate, hexose phosphates 
(chiefly glucose-6-phosphate) were found to be labeled with P* (26). In 
the absence of glucose, the adenylic acid added (Table III) served as the 
final phosphate acceptor. Since 4.5 wmoles of AMP were added, the maxi- 
mal amount of inorganic phosphate which could be esterified was 9 umoles. 
In these experiments, ATP and ADP labeled with P® were obtained and 
identified (27) when radioactive inorganic phosphate was used. 

Whenever glucose, AMP, or inorganic phosphate was omitted in these 
experiments, the oxygen uptake was inhibited. This is evidence that the 
processes of phosphorylation and oxidation are closely, if not obligatorily, 
associated in lupine mitochondria. Such effects are well known in animal 


preparations (28-30). In addition, phosphorylation with a-ketoglutarate — 


was strongly but not completely inhibited by dinitrophenol (29, 30). — 
5 & 10-° m 2,4-dinitrophenol decreased the phosphorus uptake in a typical | 


experiment from 21.6 to 8.0 ymoles. At the same time the oxygen uptake | 


was increased 11 per cent. 

When determining P:O ratios, it is desirable to limit the oxidation of 
the substrate to a single step (see Lehninger (30) and Hunter (29) for the 
discussion). Table IV shows that this was possible in the case of lupine 
mitochondria with both a-ketoglutarate and succinate. Malonate (0.01 
M) inhibited the oxidation of succinate (0.02 M) almost completely. There- 
fore, the oxygen uptake observed in the presence of a-ketoglutarate and 
malonate was due to the single step oxidation of a-ketoglutarate. The 
fact that the oxidation of a-ketoglutarate was decreased appreciably in the 
presence of 0.01 mM malonate suggests that this concentration of malonate, 
as Price (21) has shown, also inhibited the oxidation of a-ketoglutarate. 
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The esterification of inorganic phosphate with a-ketoglutarate as substrate 
was inhibited only slightly by malonate. As expected, however, the phos- 
phorylation associated with succinate oxidation was strongly inhibited by 
malonate. 

Table IV also shows that fumaric acid was not oxidized by lupine mito- 
chondrial preparations which readily oxidized succinate. The amount of 
fumarate (10 wmoles) tested corresponded approximately to the amount 
formed by the oxidation of succinate. It has been the experience of other 
workers (1, 31) that fumarate is oxidized only slowly by plant mitochon- 
dria. If the assumption is made that fumarate formed in situ by the oxi- 


TaBLe IV 
One-Step Oxidation of a-Ketoglutarate and Succinate 
Conditions | P esterified | P:O 
| ul. microatoms | 
0.02 + 0.01 M malonate.......... 3.3 
0.02 + 0.01 M malonate....; 67 21.9 | 3.6 
50 | 60 mmoles succinate.......................... 
Succinate + fumarate....................... 44 


xcept for the following, the composition of the reaction mixtures was that of 
Table III: In Experiment 28, the vessels contained 0.017 mM phosphate, pH 7.2; the 
reaction time was 30 minutes. In I:xperiment 50, the reaction mixtures contained 
0.005 m MgSO,, 0.002 mw AMP, 0.002 m EDTA, 9.6 X 10°* m phosphate, pH 7.2, and 
mitochondria; the reaction time was 10 minutes. 


dation of succinate is not oxidized more rapidly than fumarate added ex- 
ternally, then the oxygen uptake observed with succinate as substrate can 
be attributed largely to the single step oxidation of succinate. This argu- 
ment has been proposed previously (29). The control experiment consist- 
ing of a mixture of succinate and fumarate shows that the fumarate itself 
does not contain any substances capable of inhibiting the oxidation of 
succinate. 

Measurement of P:O Ratio—Experiments were carried out to determine 
the P:O ratios readily obtained with lupine mitochondria in the presence 
of a-ketoglutarate or succinate. In this study, the experimental procedure 
was modified to include 0.002 m EDTA during the grinding and isolation 
of the mitochondria as well as during the manometric measurements. This 
was done because Slater and Cleland (32) observed that EDTA stabilized 
heart muscle mitochondria. Recently, several workers (10, 31, 33) have 
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reported beneficial effects of EDTA on the oxidative activity of plant 
mitochondria. Yeast hexokinase (22) was added to the reaction mixtures — 
because there was an indication that the amount of plant hexokinase re- | 
maining on the lupine particles was variable. Unless this were done, there-_ 
fore, hexokinase might have been limiting in those preparations which — 
were capable of very active phosphorylation. Malonate (0.01 mM) was 
added to those experiments in which a-ketoglutarate served as the sub-— 
strate. 2 
Data from six different experiments which utilized a-ketoglutarate as 
substrate are given in Table V. In these experiments, the P:O ratio varied © 


— 


TABLE V 
P:0 Ratios for a-Ketoglutarate Oxidation 


: 
Inorganic P, microatoms 
Experiment No. —-—-————-- uptake P:O 


Initial Final Esterified 


34 
37a 45.0 | 37.6 25. 
46b 81.5 70.0 
47 37.5 
48 | 34.2 | 30.2 | 20. 
The composition of the reaction mixtures is that given in Table III, with the © 
following exceptions: All the vessels contained 7 X 10-5 m DPN? and, in addition, © 
0.002 m EDTA and hexokinase (sufficient to phosphorylate 10 umoles of glucose in 15 | 
minutes). In Experiments 46b, 47, and 48, 0.006 m a-ketoglutarate, 0.002 m AMP. | 
and 5 X 10°-*m MgSO, were used. The values given are the averages of results from © 
a pair of vessels. In all except Experiment 34, O2 uptake was measured for 18 to 20 
minutes; in Experiment 34, for 30 minutes. 


sl 


from 2.1 to 3.8. In a total of fourteen experiments the values ranged from = d 
1.4 to 3.8 with an average of 2.7. The P:O ratio was greater than 3.0 inp 
five of the fourteen experiments; in only one experiment was the ratio less | \ 
than 2.0. I 

Similar measurements were performed with succinate as substrate. In | lh 
five experiments the P:O ratios were 1.2, 1.2, 1.4, 1.8, and 1.8. The aver- | n 
age for the five experiments was 1.4. t 

A few experiments were performed in which, after the manometric meas- 
urements were started, pairs of vessels were removed at 10 minute intervals 
and their contents analyzed for inorganic phosphate. In this way it was 
possible to follow the esterification of phosphate with time (18). Under 
conditions whereby both the oxidation and the phosphorylation are linear 
functions of the time, the P:O ratio can be calculated from the slopes of 
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the curves. Such data have been obtained with lupine mitochondria (Fig. 
1). Not only was the oxygen uptake linear with time, but the phosphory]l- 
ation was linear from the time that the mitochondria were added to the 
reaction mixture. The P:O ratio for this experiment was 2.66. In two 
other experiments, ratios of 2.16 and 2.70 were obtained. 

Results similar to those shown in Fig. 1 have been obtained with succi- 
nate as the substrate. In two experiments, the P:O ratios observed were 
1.23 and 1.12. 
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Fig. 1. Oxygen and phosphorus uptake during a-ketoglutarate oxidation. The 
reaction mixture contained 6.6 X 1073 mM a-ketoglutarate, 0.002 m AMP,5 X 10°! 
MgSQ,, 0.015 m phosphate buffer, pH 7.2, 0.02 m glucose, hexokinase, 0.4 M sucrose, 
7X 10-°mM DPN*, 0.01 M malonate, 0.002 Mm EDTA, and mitochondria. 


SUMMARY 


Mitochondria isolated from etiolated lupine seedlings catalyzed the oxi- 
dation of intermediates of the Krebs cycle and supported oxidative phos- 
phorylation. Under appropriate conditions P:O ratios greater than 3.0 
were observed for the single step oxidation of a-ketoglutarate to succinate. 
Ratios approaching 2.0 were observed for the oxidation of succinate. The 
lupine particles therefore constitute a readily available source of plant 
mitochondria which phosphorylate with efficiencies similar to those ob- 
tained with animal mitochondria. 
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EFFECT OF 5-HYDROXYTRYPTAMINE ON THE 
UPTAKE OF P® IN THE RAT* 


By PER LINGJAERDE axp ODVAR E. SKAUG 


(From the Surgical Research Laboratories, Department of Surgery, Medical College 
of Virginia, Richmond, Virginia) 


(Received for publication, October 1, 1956) 


The role of 5-hydroxytryptamine (5-HT) in brain function and its effect 
on blood pressure, respiration, water excretion, and activity of the intestine 
and other smooth muscles have been studied by several authors (1). The 
present study was undertaken in order to investigate the effect of 5-HT 
on cellular metabolism in the brain, endocrine system, and other organs of 
the rat, as measured by the uptake of radioactive phosphate (P**). 


EXPERIMENTAL 


Adult male rats of the Sprague-Dawley strain, weighing 275 to 325 gm.., 
were given 5-HT in the form of Serotonin creatinine sulfate. 5 mg. of the 
substance were dissolved in 0.5 ml. of 0.9 per cent saline and injected intra- 
peritoneally. After 20 minutes, about 300 ue. of P® were administered 
intraperitoneally as sodium orthophosphate, and exactly 2.5 hours later 
the animals were killed by decapitation. The organs to be analyzed were 
removed immediately, carefully stripped of all surface blood vessels, and 
rinsed in saline. The tissues were digested in volumetric flasks containing 
a mixture of concentrated nitric acid and perchloric acid. The flasks were 
filled to volume, and samples were removed for determination of phosphorus 
by a modification of the method of Berenblum and Chain (2). Radioac- 
tivity was determined by a well type beta counter. The technique is de- 
scribed in detail elsewhere (3). 

Cerebellum, right hemisphere (cortex and subcortex), corpora quadri- 
gemina, pons, medulla oblongata, thalamus, hypothalamus, pineal body, 
posterior pituitary, anterior pituitary, and one adrenal gland were used 
in toto. The other adrenal gland was divided into cortex and medulla. 
One side lobe of the thyroid gland and thin slices of the liver, spleen, pan- 
creas, thymus, testis, and diaphragm were also used. The control rats 
were given P® only. 

The specific activities (counts per minute per microgram of phosphorus) 
were determined for each tissue. Because of variations in the amount of 

* Supported by contract No. DA 49-007-MD-435 and contract No. DA 49-007-MD- 


725 with the Department of the Army, Office of the Surgeon General, Medical Re- 
search and Development Board, Washington, D. C. 
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P® injected and in the size of the animals, a direct comparison of the spe- 
cific activities in different animals cannot be performed, and a relative spe- 
cific activity has to be used. The relative specific activity is based on a 
reference organ, the specific activity of which is set to 100 per cent. As 
reference for the brain parts, cerebellum was chosen; for the other organs 


TABLE | 
Relative Specific Activity of Organs of Normal and 5-HT-Treated Rats 
| | Normal rats 5-HT-treated rats 
| (14 animals) (15 animals) 
Reference, specific 
activity 100 per Organ Mean ene P value 
relative | | relative | oqs« 
specific specific | 
activity activity 
Pooled brain Pineal body 2976 434 | 3241 74 N.d.* 
parts _ Posterior pituitary 1557 352 | 1564 254 “s 
_ Anterior 1242 318 1125 181 
| Adrenal cortex 1772 640 2921 569 | <0.001 
medulla 1528 410 | 2883 482 | <0.001 
of gland 1476 396 2659 318 | <0.001 
Blood 4243 496 4794 691 | <0.05 
Thyroid 3219 513 2938 348 N.d. 
Pancreas 784 146 1233 210 | <0.001 
Spleen 2175 410 1491 555 | <0.001 
Thymus 2087 | 169 | 2027 | 201 | N.d. 
Testis 298 61 187 94 <0.01 
Diaphragm +887 221 2104 | 706 | <0.001 
Liver 3935 586 4816 720) <0.01 
Cerebellum Corpora quadrigemina 76 10 69 N.d 
64 9 59 | 
Medulla oblongata | 87 15 80 | 10 
Hemisphere 10 86 | 9 
Hypothalamus | 90 14 90 | 19 ti 


*S.d., standard deviation; n.d., no significant difference (P >0.05). 


(non-nervous tissue and the pituitary and pineal body), the pooled brain 
parts were used. 


Results 


The relative specific activities of the organs investigated in normal and 
5-HT-treated animals are listed in Table I. There is a significant increase 
in the P® uptake of the adrenal gland (both layers), pancreas, diaphragm 

(P <0.001), and the liver (P <0.01) after intraperitoneal injection of 
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5-HT, as compared with the normal controls. There is, furthermore, a 
significantly decreased uptake in the spleen (? <0.001) and testis (P 
<0.01). The relative specific activity of the blood is slightly increased 
(P <0.05). No difference from the normal values was found in the uptake 
of the pineal body, pituitary gland, thyroid gland, thymus, or the different 
brain parts (P >0.05). 


DISCUSSION 


The administration of 5-HT to normal adult male white rats has been 
shown to have a striking effect on the uptake of P® in several organs. 
The uptake and turnover of P® are dependent upon the rate of metabolic 
phosphorylation. In different experiments with the present technique, 
the uptake of P*® has always been found to parallel cellular metabolism.! 

The increased activity of the adrenals in this experiment is probably due 
to a stressor effect of 5-HT. In different stress situations (burn, surgical 
trauma, anesthesia), a similar increase in the P® uptake of the adrenals 
has been invariably demonstrated.} 

A satisfactory explanation of the decreased uptake in the spleen and testis 
and the increased uptake in pancreas, diaphragm, and liver cannot be 
given at the present time. 

Whether the increased uptake in the pancreas reflects a higher activity 
of external or internal secretory mechanisms is impossible to tell. The 
slices taken out for analysis are not studied microscopically, but it is as- 
sumed that the major part consists of externally secretory tissue. 

The increased uptake of P® in the diaphragm is very pronounced after 
the administration of 5-HT. It is unlikely that a stimulation of the respi- 
ratory mechanisms is responsible for this marked increase. During the 
experiments no marked changes in the respiratory rate of the animals were 
ever observed. After intraperitoneal injections of 5-HT, Rapport and 
Virno (4) found that, in general, there was a depression of the respiratory 
frequency of the rats. 

The role of the liver in the breakdown of 5-HT to 5-hydroxyindoleacetic 
acid and a possible conjugation of the latter substance must be considered, 
even if this mechanism is not fully clarified (5). 

No changes in the P® uptake of the brain parts investigated after intra- 
peritoneal injection of 5-HT could be demonstrated, although the doses 
used were fairly large. If all the brain parts are affected to the same de- 
gree as with uptake of P*®, any changes would escape detection as long as 
cerebellum is used as the reference organ. However, when the pooled 
brain parts are used as reference for the other organs analyzed, no difference 
from the normal values is found in the uptake of the pineal body, pituitary 


1 Unpublished observations. 
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gland, thyroid gland, and thymus. An over-all change in the specific ac- 
tivity of the pooled brain parts would thus mean a similar change in all 


the organs mentioned, which seems unlikely. There are two possibilities: | 


either 5-HT does not affect the P® uptake of the brain or it is not capable 


of penetrating the blood-brain barrier (at least not within 2.5 hours). The — 


latter explanation might be the correct one and would be in agreement with 
the findings of Woolley and Shaw (6). 


SUMMARY 


The effect of 5-hydroxytryptamine on the uptake of P* in the adult white 
male rat has been investigated. After intraperitoneal injection of 5 mg. 
of Serotonin creatinine sulfate, there was a significant increase in the phos- 
phate uptake of the adrenal cortex and medulla, pancreas, liver, and dia- 
phragm. A significantly decreased uptake was found in the spleen and 
testis. No changes were demonstrated in the brain parts investigated. 
The possibility that 5-hydroxytryptamine does not penetrate the blood- 
brain barrier is discussed. 


The Serotonin creatinine sulfate was kindly provided by Dr. George H. | 
Berryman, Department of Medicine, the Abbott Laboratories, Chicago. — 
The technical assistance of Mrs. Winifred Ferguson and Miss Marlene | 


Hocker is gratefully acknowledged. 
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METAL CHELATES OF GLYCINE AND GLYCINE PEPTIDES* 


By C. B. MURPHY anp A. Ek. MARTELL 


(From the Chemical Laboratories, Clark University, Worcester, Massachusetls) 
(Received for publication, September 11, 1956) 


Since the advancement by Smith et al. (1-4) of the theory that metal 
ions are chelated simultaneously to enzyme protein and substrate in vari- 
ous polypeptidases, the nature of metal binding to peptides and proteins 
has become an important as well as an interesting problem. The chelate 
structures proposed by Smith (3), and later somewhat revised (5, 6), indi- 
cate that the metal is bound, at least to the substrate and possibly to the 
enzyme protein, through the polar groups in two or more adjacent peptide 
linkages. The affinity of binding, but not the specific groups involved, 
can be determined for the interaction of metal ions with proteins. It 
would, therefore, be of interest to study the affinity of the binding to simple 
peptides for which the nature of the groups bound to the metal ion can be 
specified with considerable certainty. The accumulation of sufficient data 
of this type may make it possible to deduce the types of linkages involved 
in metal-protein combinations. As an approach to this general problem, 
the present paper describes an investigation of the interactions of glycine 
peptides and glycine with Mg(II), Mn(II), and Cu(II) ions. 


EXPERIMENTAL 


\Method—The experimental method consisted of potentiometric measure- 
ments of pH by a technique similar to that described by Chaberek and 
Martell (7). The experimentals consisted of titration by standard potas- 
sium hydroxide of a solution containing the ligand with or without the 
metal ion. As supporting electrolyte, potassium chloride was added so 
as to produce an ionic strength of 0.09. All titrations were carried out at 
three temperatures, 0.35° + 0.05°, 30.00° + 0.01°, and 48.80° + 0.10°, 
and at both 1:1 and 2:1 molar ratios of ligand to metal ion. 

Materials—Carbonate-free potassium hydroxide was prepared by the 
method of Schwarzenbach and Biedermann (8). The solutions of potas- 
sium chloride and the chlorides of magnesium, manganese, and copper 
were prepared from J. T. Baker Chemical Company analyzed reagents. 
The divalent metal solutions were standardized by alkalimetric titration 
in the presence of acid salts of ethylenediaminetetraacetic acid. The 

* Taken in part from a dissertation submitted in June, 1952, by Cornelius B. 
Murphy to the faculty of Clark University in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. 
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glycine, obtained as c.p. material from the Fisher Scientific Company, 
Eimer and Amend Division, was recrystallized two times from distilled 
water. Pure glycylglycine and glycylglyeylglycine were prepared by A. R. 
Manyak (9). 

Procedure—The following procedure was employed in all experimentals, 
except that the metal ion was omitted for those designed to determine the 
second dissociation constant of the ligand. About 1.5 X& 10-* mole of 
ligand was introduced into the titration cell, and sufficient potassium 
chloride solution and water were added to bring the ionic strength to the 
desired value. An inert atmosphere was maintained by passing nitrogen 
first through a potassium chloride solution at the same ionic strength and 
then through the titration cell. 

The pH meter was calibrated with a cell consisting of hydrogen and 
silver-silver chloride electrodes under the conditions used in a typical ti- 


tration. A calibration curve covering the range of the pH meter was thus | 


obtained. In the experimentals, pH readings were taken after the addi- 
tion of small quantities of standard base until a high pH value was obtained 
or precipitation of the metal hydroxide occurred. 


Results 


Potentiometric Titrations—Sample potentiometric measurements of cor- | 
rected pH values versus moles of base added per mole of ligand present are | 
given in Figs. 1, 2, and 3. Only data taken at 0.35° are shown, since the | 
results obtained at the other temperatures are similar, with corresponding | 
points differing only by a fraction of a pH unit. The data thus obtained | 
were used in the calculations of equilibrium constants and thermodynamic | 


quantities associated with the chemical reactions which occur. 


Stoichiometric Relationships from Titration Curves—Before it is possible — 
to set up relationships for equilibrium constants, it is first necessary to — 


decide what reactions probably occur under the experimental conditions. 
This was done by correlating the end points of reaction and the positions 
of the buffer regions in the titration curves with the stoichiometry of the 
solution constituents and the known structures of the ligands. 

The titration curves in Fig. 1 have inflection regions (regions of increased 
slope) at a = 1 for all metals concerned and for both 1:1 and 2:1 ratios 
of ligand to metal ion. Thus, regardless of the metal ion and the formula 
of the chelate, 1 mole of hydrogen ion is displaced from each mole of ligand 
as the metal chelate is formed. Since the inflections at a = 1 can be taken 
as the completion of a chemical reaction, chelate formation with glycine 
may be summarized by the following equations: 


Mt? + HG* + OH + H.O 


+ HG* + OH- > MG, + H.O 
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where M+? and HG* represent a metal ion and glycine, respectively. 
When the ratio of ligand to metal is 2:1, both reactions may be assumed 
to occur in the buffer region between a = 0 anda = 1. The overlapping 
of the two reactions prevents the occurrence of an inflection region at a = 
0.5, which would be characteristic of the reactions taking place in two sepa- 
rate steps. 

The glycylglycine curves of Fig. 2 with Mg(1I) and Mn(II) ions are 


pH pH 

4 
4 
10) 
91 
: / 
8 | 8 
7t 
Cu / 
6 
O 0.5 lO gq O | 2 q 
Kia. 1 2 


Fic. 1. Potentiometric titration of glycine: solid line, ligand in absence of metal 
ion; broken line, with a 1:1 molar ratio of ligand to metal ion; and dash line, with a 
2:1 ratio of ligand to metal ion. a = mole of base added per mole of ligand. 

Fic. 2. Potentiometric titration of glycylglycine: solid line, ligand in absence of 
metal ion; broken line, with a 1:1 molar ratio of ligand to metal ion; and dash line, 
with a 2:1 ratio of ligand to metal ion. a = mole of base added per mole of ligand. 


similar to the corresponding glycine curves, and the reactions may be sum- 
marized in the same way. The titration curve obtained for a 1:1 molar 
ratio of ligand to copper(II) ion has a long flat buffer region in which 2 
moles of base per mole of ligand are required. Thus 2 hydrogen ions are 
neutralized for every molecule of metal chelate formed. This reaction 
may be summarized by the chemical equation: 


Cut? + H»GG + 20H- — CuGG + 2H.0O 


where H2GG represents neutral glycylglycine with 2 protons potentially 
displaceable by metal ions. For the 2:1 titration curve, with half the 
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tunount of copper(II) ion present, the low buffer region requires half as 
much base. Thus the same reaction may be assumed to occur with half 
of the ligand present in the solution. 
at higher pH are rather more complex in nature and can be interpreted in 
2 number of ways to be discussed below. 


The further interactions which occur ~ 


The glycylglycylglycine curves of Fig. 3 also show a single proton dis- | 
placement with Mg(II) and Mn(II) ions, so that the compounds formed — 


again resemble the glycinate derivatives. On the other hand, the 1:1 


ligand to Cu(II) ion curve has a single buffer region in which 3 moles of — 


al / 
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Kia. 3. Potentiometric titration of glycylglycylglycine: solid line, ligand in ab- 


sence of metal ion; broken line, with a 1:1 molar ratio of ligand to metal ion; and dash © 
mole of base added per mole of — 


line, with a 2:1 ratio of ligand to metal ion. a 


ligand. Abscissa in a; ordinate in pH. 


base are neutralized. 
as a 3 proton reaction, according to the following chemical equation: 


Cut + H;GGG + 30H- CuGGG 3H.2O 


Hence, the over-all reaction may be summarized | 


m¢ 


When the ratio of ligand to metal ion is 2:1, the titration curve rises stead- 


ily and with only slight variations of slope, until 2 moles of base per mole 


of metal ion have been added, whereupon a final inflection rise occurs at _ 


high pH (between 10 and 11). This may be interpreted in terms of a 


series of four overlapping neutralization steps during which a 2:1 chelate | 


is formed and 4 hydrogen ions are eliminated. The over-all reaction may 
be expressed as 

Cut? 2H;GGG -> Cu(HGGG). + 4H.0 
Alternatively, the 2:1 titration may be interpreted in terms of the 1:1 


reaction which results in the formation of CuGGG-, plus subsequent neu- 
tralization of excess ligand at a high pH. 
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Calculation of Acid Dissociation Constants—The acid dissociation con- 
stants of the ligands were calculated from the titration data by a direct 
algebraic method. The equation used for all nine sets of data involved 
(three temperatures for each of three ligands) is 


(1— a)Cy — [H+] + [OH-} 


where [ | represents the concentration of ions, a = the moles of base added 
per mole of ligand, C, = the total initial concentration of ligand species, 
and k,. = the “concentration” constant, defined by 


where HZ* represents the neutral (dipolar) form of the ligand. 

Calculation of Chelate Stability Constants—The first and second successive 
chelate formation constants of glycine were calculated by a direct alge- 
braic method. These two equilibrium constants are defined by the rela- 
tionships 


(Mt2][Z-] 


r 


[MZ.] 


~The chelate formation constants can be expressed in terms of directly 
measurable quantities according to the following equations: 


Ca 


— Ca) + 


_ Ca — XIZ) + — — Cw) 
k[Z-P(X[Z-] + 2Cu — Ca) 


[H+] 
ko 
the other terms are as previously defined. 

It is evident that the sum of the terms [MZ*] and 2[MZ»] represents the 
total moles of the ligand bound. This quantity, divided by Cy, is there- 
fore the average number of moles of ligand bound per mole of metal ion, a 
quantity known as the formation function, and is designated by fi in the 
Bjerrum (10) method of calculation. According to this method, the ligand 
anion concentration is equivalent to the reciprocal of the formation con- 
stant at i = 0.5. In the region of the titration curve where fi is less than 
0.5, the concentration of MZ». may be neglected. Under these conditions, 


where X = + 1, Cyy = the total concentration of metal species, and 
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K, may be expressed by the relationship 


n 


Ky 


Thus, the condition i = 0.5 and a graphic plot required under the simpler 


Bjerrum method are not needed for evaluation of the formation constant. 
In the titrations of peptides with cupric ions, the number of hydrogen 
ions neutralized is greater than the 1 hydrogen ion which can be neutralized 


C 


in the absence of polyvalent metal ions. Thus, the peptides may be con- _ 


sidered as polyprotic acids which dissociate in the presence of cupric ion 
in the following manner: | 


Cut++ + H;GGG* = CuH.GGGt + H+ K’ = Kiko 


{CuHGGG]|H*] 
H + C H+ Koa = 
CuH.GGG uHGGG + 2 [(CuH.GGG] 
{CuGGG]| 
CuHGGG CuGGG + H Kya (CuHGGG] 


where K’ is equivalent to the product of the first chelate formation constant, 
K,, and the acid dissociation constant of the ligand, ke. The same equa- 
tions apply to the determination of A’ and K,, for glycylglycine and cop- 
per. | 

The calculation of these equilibrium constants is conveniently carried. 
out by means of a modified Bjerrum method applied in such a way that 
the hydrogen ion is considered the ligand, and its stepwise association 
with the most basic form of the chelates (CuGGG- and CuGG) is deter-. 
mined. Thus, fi is defined as the average number of moles of hydrogen. 
ions bound per mole of metal chelate. When fi is plotted versus pH, it is. 
assumed that, as i = 0.5, half of the metal chelate is in the form, CuGGG- 
or CuGG, and that the remainder is in the monoacid form, CuHGGG and 


( 


( 


( 


CuHGGt. Under these conditions the equilibrium constant, Ay,, 1s equal ~~ 


to the hydrogen ion concentration. Similarly, for glycylglycylglycine-Cu 
(II), the value of A», is equivalent to the hydrogen ion concentration at 
i = 1.5. | 

When the ratio of peptide to metal ion is 2:1, there are several possible. 
interpretations of the titration curves, as indicated above. Under these 
conditions the data available scarcely justify one to assume more than the 
formation of the 1:1 chelate demonstrated as present for solutions in which 
the ratio of reactants is 1:1. Therefore, the 2:1 titrations were not used 
for the calculation of the association constants involving more than 1 mole 
of ligand per mole of metal ion. 


Kqulibrium Constants—The equilibrium constants calculated by the 


di 
va 
1S 
bil 
Me 
the 
cin 
lov 


pler 
ant. 
gen 
ized 
con- 


ant, 


ried 
that. 
tion 
gen 
it is. 
1G 


and 


C. B. MURPHY AND A. E. MARTELL 43 
methods described above are given in Table I for each of the three tempera- 
tures employed. In the case of glycine, the first formation constants A, 
calculated from two sets of conditions, z.e. in which the ratios of ligand to 
metal ion were 1:1 and 2:1, are given for comparison. 

The acid dissociation constants and formation constants listed in Table I 
cannot be compared directly with values found in the literature because of 


TABLE I 
Acid Dissociation and Chelate Formation Constants 


Log, chelate formation constants 


| Ratio | | Kia 

| | 

G 2.12 | 3.21 8.68 
0.35 2:1 | 3.42 | Sen | 7.94 
30.00 | 4, | 1:1 | 2.23 | 3.12 | 8.13 | 
30.00 °° 2:1 | 3.19 | 8.04 | 6.39 | 
3.01t | 7.85 | 
48.80 3.44 | 7.78 | 6.0 

GG | 2.24 | 6.58 —5.35 
0.35 2:1 1.87 | 6.40 
30.00 2:1 3.60 | 6.94 
6.00; 1:1 3.80 | 5.73 z 
48.80 5 2:1 4.06 | 5.75 

GGG } 0.35 | 2. | 1:1 1.60 | 1.85 | 5.74 | —7.32 | —6.02 
0.35 5.68 
30.00 5 __ 1:1 1.95 | 2.08 | 5.51 —6.94 | —5.52 
30.00 | 9:1 
| 2.08 | 2.38t 5.51 —4.83 
48.80 2:1 2.51¢ | 5.38 


* z indicates that the value obtained was not constant. 


{K = at the maximal n value obtained. 


n 
(1 — n)[A] 


‘differences in formulation, temperature, and ionic strength. When the 


values in the literature are properly interpolated to our conditions, there 
is general agreement. One outstanding exception is the much lower sta- 
bility of monoglycino-Mg(II) reported in this work than that reported by 
Monk (11). Monk’s value is subject to some doubt, however, since it is 
the same as the constant which he reported for the Mn(II) chelate of gly- 
cine. The affinities of a-amino acids for Mg(II) ion are generally much 


lower than the corresponding values for Mn(II). 
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The only previously published formation constants of glycylglycine and. t 
glycylglyeylglycine chelates, in which the displacement of hydrogen ions ¢ 


was taken into account, were reported for Cu(II) by Dobbie et al. (12). f 
In so far as comparisons are possible, the interpolated results of the present 4 
paper are for the most part in approximate agreement with the values © 


Chemical conversion 


HG > G + 


— HGG + H* 


H.oGGG +. H* 


CuHGGG — CuGGG + Ht 


CuH-GGG — CuHGG + 
H+ 

Cu + HeGG —> CuGG + 
2H* 

+- H.GGG- 
MgH2GGG* 


Mn**+ + MnG* 


Mn** + HGG- MnHGGt 


Cutt + G CuG* 


reported by Dobbie ef al., where there is agreement in the nature of the 
Some rather fundamental differences 


TABLE II 


Thermodynamic Changes 


322.0 11.4 


compounds assumed to be present. 


in the composition and structures of the metal chelates formed are given 


under “‘ Discussion.”’ 


Thermodynamic Relationships—With the aid of standard thermodynamic 
relationships, the temperature coefficients of the equilibrium constants 
given above were used to calculate the changes in thermodynamic quanti- 


—AFo 
kilocalories 

| 273.4 | —12.8 + 0.1 
303.2 | —13.1 + 0.1 | 
322.0 | -13.3 + 0.1 | 
273.4 | -10.9+ 0.1. 
303.2 -11.1 + 0.1 | 
322.0 -11.0 + 0.1. 
273.4 -10.7 + 0.1. 
303.2) -10.7 + 0.1. 
322.0 -11.1 + 0.1. 
273.4) —9.2 40.1 | 
303.2 | -9.8 + 0.1. 
273.4); -7.640.1. 
303.2) -7.9 + 0.1. 
273.4; -—9.5 40.1 | 
303.2) -9.6 + 0.1. 
273.4 1.54 0.2 | 
303.2 2.0 + 0.3 | 
322.0 2340.3 
273.4 4.2+40.1 | 
303.2 4140.1. 

322.0 4.1+0.1 
273.4 2.3 + 0.2 | 
303.2 4.7 + 0.2 | 
322.0 5.8 + 0.2. 
273.4| 10.7 +0.1 | 
303.2 11.1 + 
+ 


— 

—10.8 + 
—10.2 + 0 
—9.0 + 0 
—12.0 + O. 
—10.6 + O. 
—5.5 + O 
—4.3 + 0 
—4.5 + 0 
—7.9 + O. 
—3.6 + O. 
—2 +5 
+3 

5 +3 
—19.5 + 2 
—12.5 + 3 
7.0 + O 
7.0 + 1 
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ties associated with the conversion of reactants to products in each reaction 


considered. In many cases the values of AH and AS agreed rather well 
for the two temperature ranges. These quantities are listed in Table II, 


along with the chemical conversions to which they correspond. In many 


other cases, the value of AH was seen to vary considerably with tempera- 


ture. In order to be certain of obtaining valid values of AH and AS in 
~ such cases, it is necessary to have AF values over small ranges of tempera- 
ture. The thermodynamic quantities which showed such variation are 
omitted from Table II. The signs of AF, AH, and AS listed are such that 
-— positive values in Table II favor the conversion from left to right. 


DISCUSSION 
Relative Effects of Metal Ions—The relative stabilities reported in Table 


for the Meg(1), Mn(II), and Cu(II) chelates are the same for all the 
ligands (Cu > Mn > Mg). This is in conformity to the general order of 
stability of chelates of these metals with other ligands. It is interesting 
to note, however, that, while the orders of stability are qualitatively in 
agreement, such a comparison can be applied only to the first association 


reaction. In the formation of the peptide chelates involving the displace- 


ment of more than 1 proton per ligand, the difference between copper and 
the other metals is absolute, since there is no counterpart of this reaction 
involving the other metal ions measured. 


Chelate Structures—The structures of the glycine chelates formed for 1:1 


and 2:1 ratios of ligand to metal ion are represented by formulas I and II, 
respectively. These formulations are in conformity with the bidentate 


nature of the ligand and the titration data, which indicate that 1 hydrogen 


NH: OC——O NH.—CH, 
| | 
CH, | M | 
(H20),M | | 
CO H-C—NH. 0O CO 
(H.O),, 
(II) 


ion is displaced per molecule of ligand. The coordination numbers of the 


metal ions, based on the structures of other chelate compounds in aqueous 
solution, are 4 for Mg(II) and Cu(II) ions and 6 for the Mn(II) ion. 
Therefore, the values of » and m may be assumed to be 2 and O for the 
copper and magnesium chelates and to have values of 4 and 2, respectively, 
for the manganous compounds. Although the reaction between the sec- 
ond ligand and the 1:1 chelate was too weak to allow the calculation of 
the second formation constant, there can be little doubt that it is formed 
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in solution. The second chelate constant can probably be measured 
potentiometrically for these 2 ions in solutions of much higher concentra- 
tions than those used in the present investigation. 

The binding of glycylglycine and of glycylglycylglycine to Mg(II) and 
Mn (II) ions, while very weak, is considerably stronger than that of am- — 
monia or a simple alkyl amine. Hence, the existence of chelate structures _ 
is again indicated. This can mean only that the peptide linkage must be | 
involved in coordination with the metal. The additional stability result- — 
ing from simple coordination of the end amino and carboxylate groups, — 
with the formation of 8- and 11-membered chelate rings, would be very — 
small and would not account for the observed stability. Therefore, struc- — 
tures III and IV are tentatively suggested as possible arrangements of © 
glycylglycine and glycylglyeylglycine in these chelate compounds. It is — 


H.C——-CO 

CH, | | 
H2N NH 

HN CO | 
| CH: 

(HsO),—M NH (H20),—M | 
| | CO 

O CH, | 
NH 

CO | | 
OC——CH 

(IIT) (IV) 


possible that the latter compounds IV are tridentate rather than tetra- 
dentate. It should be emphasized that the stabilities of these compounds 
are much lower than would normally be expected for tridentate chelates. 
This can only be attributed to the weakness of the peptide linkage as a 
metal coordinating group. This is probably due in turn to strong hydrogen 
bonding of the peptide with the solvent. The reduction of hydrogen 
bonding which would result from formation of coordination compounds 
III and IV would involve a free energy increase which would result in de- 
creased aqueous stability of the chelate relative to the free metal ion and 
peptide. | 

The one-step reactions between the peptides and copper(II) ion involv- 
ing the dissociation of 2 and 3 moles of hydrogen ion are strong evidence 
for chelate structures V and VI, in which a hydrogen ion is displaced from 
each peptide linkage. An associated water molecule is shown in structure 
V to account for the coordination requirement of four donor groups per 
copper(II) ion. A number of intermediate chelates which have been con- 
sidered in the stepwise formation of (V) and (VI) probably have similar 
structures with additional hydrogen ions attached to the peptide linkages. 
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() () 
| | 
C C CH. 
H.C N H.¢ N C—O 
| | | | | 
Cu () Cu —N 
| 
| 
H.0 () CH 
\ 
CO 
(V) (VI) 


The displacement of a hydrogen ion from an amide group on chelation 
with a metal is a unique reaction in coordination chemistry. To our 
knowledge, no structures of this sort have been reported previously. Dob- 
bie et al. (12) also found that a total of 2 and 3 protons was liberated, but 
did not publish the structure of the chelate compound formed. However, 
Dobbie and Kermack (13) later suggested that the protons are probably 
eliminated from the peptide linkages. The only alternatives to structures 
V and VI are those in which coordinated water molecules are converted to 
hydroxyl groups. Such a possibility can be eliminated, however, since the 
removal of a hydrogen ion from a water molecule coordinated to copper(II) 
takes place at a much higher pH (neutral or above) than the values which 
precede the inflection regions of the 1:1 copper curves of Figs. 2 and 3. 

The titration curves in which the molar ratio of peptide to copper(II) 
is 2:1 are remarkably different in appearance. However, it is noted that 
the glycylglycine curve shows an inflection at 1 mole of base per mole of 
ligand, followed by further neutralization reactions at a higher pH, result- 
ing finally in the utilization of 2 moles of base. The titration curves for 
the tripeptide are similar, without a definite inflection region. Dobbie eé¢ 
al. (12) have interpreted these curves to indicate stepwise dissociation 
reactions involving 2:1 chelates, and Dobbie and Kermack (13) have sug- 
gested structures corresponding to (VII) and (VIII) for these chelate com- 
pounds. 

It is apparent that the 2:1 titration curves can be interpreted in a number 
of alternative ways. Therefore, in the absence of additional evidence, it 
is not justifiable to assume more than the formation of structures V and 
VI. More experimental work is apparently needed to establish the prob- 
ability of additional interactions to give compounds of the type indicated 
by (VII) and (VIII). 

Thermodynamic Constants—In general, the thermodynamic constants 
given in Table II for association of ligand anions with metal ions are in 
agreement with the qualitative predictions of Martell and Calvin (14) for 
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\ 
NH, NH, NH: NH 
A / 
Cu | | Cu 
OC ore) OC \ 
NH NU NH NH, 
{ H 
| | 
CH: CH, CH, CH, 
| | | | 
CY CO COO- CO 
| | 
| 
NH NH NH 
| | | 
| i 
CH CH, CH 
| | | 
COO- COO” CO 
| 
NIG} 
CH, 
COO- 
(VID (VIID 


this type of reaction, in that an increase of entropy is associated with the 
formation of the metal chelate compounds. This increase of entropy is 
generally characteristic of the formation of stable metal chelate rings and 
generally involves a large proportion of the contribution to AF when a 
relatively large number of metal chelate rings is formed (14). On the other 
hand, the effect is less likely to be observed in the formation of bidentate 
chelates. Accordingly, the entropy effect reported for the relatively weak 
chelate of Mn(II) with glycylglycine and glycine is approximately zero. 
For the relatively stable copper(II) glycinate, however, approximately 
one-third of the driving force of the reaction is attributable to the entropy, 
while in the case of the relatively weak magnesium glycylglycylglycinate, 
and manganese(II) glycylglycinate, entropy changes drive the reactions 
against unfavorable enthalpy changes. Reactions which involve dissocia- 
tion of hydrogen ions from basic substances are generally endothermic. It 
is interesting that formation of the copper glycylglycinate and glycylglycyl- 
glycinate chelates are less endothermic than would be expected in view of 
the dissociation of 2 and 3 hydrogen ions, respectively. This is an indica- 
tion of the strong energy of binding between the cupric ion and the binega- 
tive glycylglycinate (GG=) residue (formula V) and the trinegative glycy)- 
glycylglycine (GGG-?) residue (formula VI). 


CO—CH. 
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Another interesting result of the thermodynamic measurements is that 
metal ions which are normally weakly bound to a-amino acids, such as 
Mg(1I) and Mn(II) ions, combine with the peptides only with a consider- 
able expenditure of energy. This results in the unusual situation of a metal 
chelate, which greatly increases in stability as the temperature is increased 
and which would not be formed at all except for a favorable entropy change. 
The unfavorable enthalpy changes observed for these chelates are probably 
a consequence of the low enthalpy of the free ligand resulting from a high 
degree of hydrogen bonding with the solvent. As the temperature is in- 
creased and the hydrogen bonds are partially broken, the ligand is better 
able to combine with the metal ion to form a chelate compound. 

Applications to Binding of Metals by Proteins—The magnitudes of the 
stability constants observed for the interactions of peptides with Mg(II) 
and Mn(II) ions do not account for the higher affinities observed between 
these metal ions and proteins. Hence, structures similar to formula LX 
proposed by Smith (3) for a metal-enzyme combination cannot account 
for the experimental facts. There is little doubt that metals are bound to 
the peptide chain through coordinating groups; however, the coordinating 
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groups must be those available on the side chains of the constituent amino 
acids, such as carboxyl and imidazole groups. Peptide linkages alone are 
too weak to account for the coordination of metal ions as basic as Mg(II) 
and Mn(I1) ions, to the extent which has been observed in proteins. On 
the other hand Cu(II) is strongly bound to simple peptide linkages, as 
indicated in (X), as the result of displacement of hydrogen ions from the 
amide nitrogen atoms. 


SUMMARY 


The chelate formation constants of glycine, glycylglycine, and glycyl- 
elycylglycine with Mg(1I), Mn(UI), and Cu(I1) ions have been determined. 
Normal metal chelates, in which a single hydrogen ion is displaced from 
the free ammonium group, are formed by glycine with all three metals and 
by the peptides with Mg(II) and Mn(II). The Cu(II) peptide chelates | 
are unique in that stable chelate compounds are formed with the simul- 
taneous displacement of a hydrogen ion from each peptide linkage. The 
approximate enthalpy and entropy changes for acid dissociation and chelate 
formation reactions are given, and evidence is presented in support of the 
structures assigned to the various types of metal chelates formed. 
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WITH POLYANIONS* 


By PETER BERNFELD, VIRGINIA M. DONAHUE, anp 
MORDECAI BERKOWITZ 
(From the Cancer Research and Cancer Control Unit, Department of Surgery, and the 
Department of Biochemistry and Nutrition, Tufts University School of Medicine, 
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The interaction of proteins with non-protein substances has been the sub- 
ject of numerous investigations and has been extensively reviewed by Put- 
nam (1) and more recently by Klotz (2). 

Among the numerous interactions between proteins and electrolytes re- 
ported in the literature, the participation of anions, and in particular that 
of macromolecular polyanions, is predominant. Thus, complex formation 
of proteins has been observed with deoxyribonucleic acid (3), with sulfate 
esters of polysaccharides; 7.e., heparin (4-8), chondroitin sulfate (5, 9, 10), 
and dextran sulfate (11, 12), with uronic acid-containing polysaccharides 
like hyaluronic acid (10), and with synthetic high polymers like poly- 
methacrylic acid, ete. (13, 14). 

Because of the electrostatic nature of the interaction, protein-polyanion 
complex formation has been generally observed at a pH below the isoelec- 
tric point of the protein, 7.e. when the cationic groups of the protein are 
predominant. However, our knowledge of the interaction of proteins with 
polyanions at higher pH values is limited. 

In order to obtain more information on the interaction of human plasma 
proteins with macromolecular polyanions in a slightly alkaline medium, a 
pH of 8.6 has been chosen for the present study. This value has been se- 
lected because routine electrophoretic analyses of plasma proteins are 
usually conducted at this pH. The individual plasma proteins which un- 
dergo complex formation under these conditions as a result of the interac- 
tion with polyanions are identified in this paper, and the various types of 
complex formations between proteins and polyanions will be described.! 


* This investigation was supported in part by a research grant from the Nationai 
Institutes of Health, Public Health Service, and by an institutional grant of the 
American Cancer Society, Inc., New York, New York. 

1 Preliminary reports of the results presented in this paper have been published 
(15, 16). 
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LIPOGLOBULIN POLYANION INTERACTIONS 


EXPERIMENTAL 
Materials 


Sulfated Amylopectin—-Amylopectin was prepared from cornstarch by 
the method of Schoch (17). It was sulfated by treatment with chlorosul- 
fonic acid in pyridine for 5 hours at 70° (18) and was isolated as the potas- 
sium salt (Table I). The mole ratio of sulfur to potassium is close to unity 
and indicates the absence of pyrosulfate groups. 

Sulfated Amylose— Amylose was obtained by extraction of cornstarch 
with water at 70°. A sample of amylose, prepared earlier and designated 
at that time as Fraction I (19), had been found to be the pure, linear con- 
stituent of starch with an average molecular weight of approximately 
40,000. This particular sample was sulfated in the manner described 
above, and the properties of the sulfated amylose are shown in Table I. 


TABLE | 
Properties of Sulfated Polysaccharides 


Average No. of Mole 


Polyanion Cation ‘Per cent | Appearance of powder 
saccharide unit kK 
Sulfated amylopectin = kk 16.3 2.07 1.02 White 
amylose 1.13 Slightly yellow 
Heparin Na | 13.6 1.34 | White 


Sulfated Pectie Acid——A commercial preparation of pectic acid (Nutri- 
tional Biochemicals Corporation) served as the starting material. Direct 
sulfation with chlorosulfonic acid and pyridine did not yield satisfactory 
preparations. Pectic acid was, therefore, first nitrated by treatment with 
nitric and sulfuric acids. The nitrated product was purified by being dis- 
solved in acetone, by removing small amounts of insoluble material by cen- 
trifugation, and by precipitating the nitrated pectic acid from the acetone 
solution by addition of water. The dried precipitate was partially soluble 
in pyridine and the insoluble part swelled considerably in this solvent. 
During sulfation of this product with chlorosulfonic acid in pyridine, com- 
plete dissolution occurred. The sulfated pectic acid thus obtained still 
contained 0.57 nitro group? per monosaccharide unit. The solubility of 
this product in water was not affected by the content of nitro groups 
(Table I). 

Heparin— The sodium salt of a Commercial preparation, purchased from 

* According to Dumas nitrogen determinations, performed by the Schwarzkopf 
Microanalytical Laboratories, Woodside, New York. 


3 


| 


P. BERNFELD, V. M. DONAHUE, AND M. E. BERKOWITZ 53 


General Biochemicals, Inc., with 100 U.S. P. units per mg., was used during 
most of this study (Table I). Later batches of heparin from this source, 
as well as samples of heparin sodium (Liquaemin) from Organon, Inc., 
Orange, New Jersey, contained somewhat smaller amounts of sulfur. 
They all, however, gave identical results with respect to their interaction 
with plasma proteins. | 

Bovine Plasma Albumin—<A crystalline, salt-free product from Armour 
and Company was used. 

Fibrinogen—Bovine fibrinogen, prepared as Fraction I by Armour and 
Company, served throughout this investigation. 

B-Lipoglobulin—A sample of B-lipoglobulin prepared from human plasma 
was kindly provided by Dr. J. L. Oncley (11). 

Plasma and Serum—The experiments have been carried out with citrated 
plasma or serum, obtained from a single person, 7.e. a 27 year-old male 
subject with no known disease. The plasma or serum was obtained from 
whole blood collected in a total of three bleedings. Shortly after collection, 
each sample was divided into 10 ml. portions, which were stored in the 
frozen state. The electrophoretic patterns from each of the three samples 
were found to be identical (20), except, of course, for the absence of fibrino- 
gen in serum. The plasma or serum samples were frozen by being added 
dropwise into the cooled container maintained at —70°. This method of 
freezing and subsequent storage in the frozen state was found to have 
no effect on the phenomena described herein. 

Numerous analogous experiments were carried out with plasma or serum 
from other normal subjects or from patients with various diseases, and 
yielded comparable results. 


Methods 


Electrophoresis—All analyses were carried out in the 2.5 ml. Tiselius cell 
of a Perkin-Elmer electrophoresis instrument. A 1 ml. aliquot was di- 
alyzed against Veronal-citrate buffer, pH 8.6, ionic strength (uv) = 0.1 
(20), was then diluted to 3.2 ml. with buffer, and made up to 3.5 ml. with 
distilled water. The addition of distilled water served to eliminate, more 
or less completely, the so called 6 and ¢ salt gradients and other simultane- 
ously occurring anomalies (21). The initial protein-buffer boundary was 
displaced 9 to 13 mm. into the limb of the cell, and an electric field of 9.5 
volts per em. was applied for 70 minutes. The moving boundaries were 
recorded photographically by means of a schlieren optic, based on either 
the Longsworth scanning method or the method of Philpot and Svensson. 

The concentrations of individual protein fractions were determined from 
the electrophoretic patterns by the method of Tiselius and Kabat (22). 

Any change of concentration in an individual protein fraction, occurring 
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as a result of the addition of polyelectrolytes to plasma or serum, was de- 
termined visually by superimposing the photographic recordings of the two 
electrophoretic patterns obtained from the corresponding experiments (with 
and without addition of polyelectrolyte). Although this procedure does 
not yield quantitative results, it was found to be much more reliable and 


trustworthy than absolute area calculations. The inaccuracy of the latter — 


method is obviously due to the magnification of errors resulting from ecalcu- 
lating a difference. 

Changes in protein concentrations were, therefore, considered to be sig- 
nificant only when their amount exceeded 100 mg. of protein per 100 ml. 
of plasma or when they were obvious on visual comparison of the electro- 
phoretic patterns. 

Addition of Polyelectrolytes—Unless stated otherwise, 0.1 ml. of a 1 per 
cent solution of the polyelectrolyte was added to 1 ml. of plasma or serum 


before dialysis. The dialysate was always used to fill the upper parts of the © 
electrophoresis cell and the electrode vessels, except in one experiment in | 


which heparin was added to the dialysate before filling the cell. 


Protein analyses were carried out by the biuret method according to Rob- | 


inson and Hogden (23). 


Total lipide was determined by extraction of the sample with Bloor’s — 
reagent at boiling temperature (24); the extract was evaporated to dryness, — 
the residue extracted with petroleum ether (b.p. 30-60°) (25), and the dry | 


weight obtained after evaporation of the solvent. 


Sulfur was determined either according to the method described by | 
Zimmermann (26)* or as inorganic sulfate released after hydrolysis of the | 
sample for 8 hours with 2 nN HCl at 100°. The sulfate was measured neph- | 
elometrically* as BaSQ, in the presence of 0.14 per cent of polyvinyl alcohol — 
(Elvanol, E. I. du Pont de Nemours and Company, Inc., grade 71-24) — 


as protecting colloid. 
Potassium analyses were carried out by flame photometry. 


Results 


Formation of Insoluble Complexes—When certain macromolecular poly- 
sulfate esters were added to human serum or plasma, precipitation was ob- 
served to occur at the physiological pH as well as at pH 8.6, 7.c. after dialysis 
of the protein sample against a suitable buffer solution. A typical repre- 
sentative of this class of polyanions is sulfated amylopectin, containing two 
to three sulfate groups per glucosan unit. 

The proteins which were precipitated during this reaction were identified 
by electrophoretic analyses of both the original serum and the supernatant 

3 The analyses were carried out by the Schwarzkopf Microanalvtical Labora- 


tories, Woodside, New York. 
4 With a Fisher Nefluoro-Photometer. 
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solution which remained after addition of polysulfate ester to serum and 
subsequent removal of the precipitate by centrifugation. It was found 
that only the 6,-globulin fraction had decreased as a result of the precipita- 
tion, while the concentrations of all other protein fractions remained un- 
changed (see Fig. 1). The same result was obtained with a large number 
of sera both from normal subjects and from patients with various diseases. 
Quantitative evaluations yielded values ranging from 440 to 600 mg. of 
8,-globulin precipitated from 100 ml. of serum. 

In plasma, the addition of sulfated amylopectin also caused the disap- 
pearance of the fibrinogen peak, in addition to the decrease of 8)-globulin 
(see “With sulfated amylopectin,” Fig. 3). 


WITH SULFATED 
AMYLOPECTIN 


A ap, yO 


Fig. 1. Decrease of 8;-globulin after addition of Img. of sulfated amylopectin to 
1 ml. of human serum; ascending boundaries. The arrow indicates the direction of 
migration. A = albumin; a, 6, andy = the corresponding globulins; O = location 
of the original protein-buffer boundary before applving the electric field. 


Ratio of Polyanion to Proteins—The proportion of the amount of poly - 
anion to that of serum proteins was observed to be an important factor. 
The decrease in 8)-globulin concentration became more pronounced as the 
ratio of polyelectrolyte to serum was increased. When 1 mg. of sulfated 
amylopectin was added to 1 ml. of serum, the precipitation appeared to be 
complete, since no further precipitate was observed when more polysulfate 
was added to the supernatant solution, obtained after centrifuging off the 
precipitated proteins. Accordingly, no further change in any of the plasma 
or serum proteins was evident from electrophoretic analyses, even at 5 times 
higher proportions of sulfated polysaccharide to serum. 

The addition of still more polyelectrolyte, however, resulted in gradual 
dissolution of the precipitate. In fact, no precipitate at all was obtained 
at the proportion of 20 mg. of sulfated amylopectin per ml. of serum.® 


>The polvsulfate was advantageously kept in an excess over the serum proteins 
at all times by slowly adding the serum to the solution containing a high concentra- 
tion of polysulfate. 
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The electrophoretic patterns of such a mixture were practically identical 
with those shown in the bottom row of Fig. 1, with the exception of the 
presence of an additional, very fast moving component with the mobility 
8.3 10°° sec! volt-'. This component was faster than albumin 
(mobility 5.9 &K 10°° em.? see! volt~!) and is not shown in Figs. 1 to 4. 
It appears that this fast moving component represents a soluble complex of 
polyanion with that part of 8)-globulin which would be precipitated at lower 
polyanion concentrations. 

Identification of Protein Component—Since human serum 8)-globulin is 
known to be a mixture of at least three different individual proteins (27), 
it was desirable to identify the one precipitated by sulfated amylopectin. 


TABLE II 


Analysis of Serum Protein Precipitated by Sulfated Amylopectin 


Amount of serum protein pptd. by 


Preparation No. Lipide content sulfated amylopectin* 
per cent mg. per 100 ml. serum 
1 | 77.0 | 40 
2 | 76.8 | 227 
3 : 68.5 248 
4 el 71.5 235 
5 | 73.3 | 257 
6 | 71.3 | 318 
a-Lipoglobulins | 39.3 ISST 
B-Lipoglobulins | 76.7 


‘ 


* Calculated by adding up the total polypeptide and total lipide recovered in the 
precipitate. 
t This value had been calculated from indications in the literature (28). a 


For this purpose, the precipitate was purified in the following manner and 
analyzed for total protein and total lipide. 

Human serum was cleared by centrifuging at 30,000 X g for 20 minutes. , 
To 20 ml. of clear serum, 2 ml. of a 1 per cent solution of sulfated amylo- 
pectin were added. The mixture was centrifuged for 20 minutes at | 
6000  g, and the supernatant solution was discarded. In order to remove , 
adhering serum proteins, the precipitate was dissolved in 1 ml. of 18 per . 


cent sodium chloride solution and reprecipitated by dilution with 19 ml. of i 
0.02 mM solution of dibasic sodium phosphate. The precipitate was collected 

by centrifugation at 6000 & g and purified once more by the same pro- : 
cedure. It was finally dissolved in 1 ml. of 18 per cent sodium chloride i 


solution, and aliquots of this solution were used for the analyses. 

Table II shows the total lipide content of six separate preparations. The 
data are expressed as per cent of a calculated weight of the precipitated 
serum protein obtained by totaling lipide and polypeptide found in the pre- 
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cipitate. Since the precipitate is supposed to contain both the serum pro- 
tein and the sulfated polysaccharide, its dry weight is irrelevant for the 
knowledge of its protein moiety and has not been determined. 

The data of Table II indicate that the serum protein precipitated by 
sulfated amylopectin contains an amount of total lipide similar to that re- 
ported in the literature for 6-lipoglobulin (28). Thus, at pH 8.6, 8-lipo- 
globulins appear to be the only proteins of human serum to form insoluble 
complexes with sulfated amylopectin. 

Keversible Formation of Soluble Complexes—It has been found that by 
adding a number of other macromolecular polysulfates to human plasma 
or serum in the range of pH 7.5 to 8.6, complexes were formed without the 
production of a precipitate. 


ASCENDING DESCENDING 


ME CONTROL PLASMA 
$28.6 mg % HEPARIN 


= 


Fic. 2. Changes in the electrophoretic patterns of human plasma after the addi- 
tion of heparin. The arrows indicate the direction of migration, and the vertical 
lines on the arrows indicate the locations of the original protein-buffer boundaries 
before the electrophoretic migration. 


The addition in vitro of heparin to human plasma (1 mg. per ml.) at pH 
8.6 caused the following phenomenon (see ‘*28.6 mg. per cent heparin,” 
Fig. 2). In the ascending boundaries, the concentration of 8)-globulin was 
markedly decreased, the fibrinogen peak had completely disappeared, and 
the as-globulin concentration appeared to have considerably increased, 
while the electrophoretic mobility of the latter protein fraction was ac- 
celerated. Albumin and y-globulin were not affected by the addition of 
heparin. In contrast to the ascending boundaries, the corresponding de- 
scending boundaries did not exhibit any major changes, with the exception 
of a minute decrease in 8)-globulin.® 


6 In agreement with observations by Chargaff ef al. (4) there was also a disappear- 
ance of the so called ‘‘descending 8 pattern anomaly.’’ Since this anomaly is not 


reproducible with normal sera or plasma, even in duplicate experiments, no further 
attention was paid to its disappearance. 
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According to the patterns obtained at lower heparin concentrations, the 
presence of heparin accelerated a certain part of the regular #)-globulin 
peak in the ascending limb of the electrophoretic cell, causing the appear- 
ance of new and faster moving peaks (see ‘5.7 mg. per cent heparin,” 
Fig. 2). The acceleration became progressively greater as the heparin 
concentration. was increased. In contrast to the changes observed in the 
ascending boundaries, there were no changes evident in the descending 
boundaries at all heparin concentrations.® 

Like the acceleration of 8)-globulin, the disappearance of fibrinogen oc- 
curred only in the ascending boundaries. When serum was used instead 
of plasma, the changes produced upon addition of heparin were similar to 
those described in plasma, indicating that the alterations in the region be- 
tween as- and 6)-globulin are due mainly to the acceleration of 8)-globulin. 
The fibrinogen peak in heparinized plasma was probably accelerated to 
vield a boundary with the mobility of a @)-globulin. Thus, it cannot be 
distinguished from that part of the 8,-globulin which does not interact with 
heparin. Further evidence for this hypothesis will be presented below. 

Among all the phenomena produced by the addition of heparin to serum 
or plasma, the complete dissymmetry between ascending and descending 
boundaries upon electrophoresis is certainly the most peculiar and the most 
characteristic one. 

When heparin was added not only to the plasma (or the serum) alone, 
but also to the buffer solution overlying the plasma in the electrophoresis 
cell,’ the acceleration of @)-globulin and the disappearance of the fibrinogen 
peak was now evident in the descending as well as in the ascending bound- 
aries (see “‘With heparin in plasma and buffer,” Fig. 3). 

It appears that the formation of heparin-protein complexes 1s completely 
reversed in an electric field at pH 8.6, unless a new source of the polyanion 
is supplied to prevent its depletion, e.g. from the overlying buffer solution 
(see under “‘ Discussion’’). This type of reaction will be termed, therefore, 
the reversible formation of soluble complexes. 

Identity of Plasma Proteins Participating in Two Types of Complex For- 
mation—In both the formation of insoluble complexes with sulfated amylo- 
pectin and the reversible formation of soluble complexes with heparin, 
fibrinogen and a certain part of 8,-globulin were involved, and these were 
the only plasma proteins to participate in either of the two reactions. 

It became obvious that the same proteins, indeed, participate in both 
reactions, since the typical patterns of heparinized plasma were no longer 
observed when sulfated amylopectin was added first to the plasma, 7.e. 
when the proteins participating in this reaction were removed by precipita- 
tion. 


7 The overlying buffer solution contained 1 mg. of heparin in 3.5 ml. which is the 
concentration of the heparinized plasma. 
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When heparin was added first to plasma (1 mg. per 1 ml.), sulfated amylo- 
pectin was then still able to produce a precipitate, and the electrophoretic 
patterns of the mixture were again typical for those of a plasma sample to 
which sulfated amylopectin alone had been added. Sulfated amylopectin 
appears, therefore, to precipitate B-lipoglobulin and fibrinogen even when 
they are bound to heparin; 7z.c., sulfated amylopectin has a greater affinity 
for these proteins than heparin. 

Irreversible Formation of Soluble Complexes— The interaction of plasma 
proteins with sulfated pectic acid, as an example of the third type of com- 
plex formation, produced a rearrangement in the ascending boundaries, 


ASCENDING DESCENDING 


MICONTROL PLASMal 


SULFATED | 
i 


WITH HEPARIN | 


HEPARIN IN 
PLASMA & BUFFE 


}+—> 
Fic. 3. Changes in the electrophoretic patterns of human plasma after the addi- 
tion of various polyanions, indicating (1) the formation of an insoluble complex with 
sulfated amylopectin, (2) the formation of a soluble, reversible complex with heparin, 
and (3) the formation of a soluble, irreversible complex with sulfated pectic acid; 
also the demonstration that the addition of heparin to the overlving buffer solution 
as well as to plasma abolishes the reversal in the electric field of heparin-protein com- 
plex formations. 


analogous to that caused by heparin (lig. 3, ‘With sulfated pectic acid’’). 
Unlike heparin, however, sulfated pectic acid affected both ascending and 
descending boundaries. Thus, in contrast to heparin, sulfated pectic acid 
forms complexes with 6)-globulin and fibrinogen which are not split in the 
electric field. This type of reaction will be referred to, therefore, as the 
irreversible formation of soluble complexes. 

In the irreversible complex formation, as in the two previous types of 
interactions, only B-lipoglobulin and fibrinogen have been found to partici- 
pate in the reaction. This was demonstrated in the same manner as that 
described in the section on reversible complex formation; 7.¢., it was shown 
that plasma or serum did no longer interact in the characteristic fashion 
with sulfated pectic acid after addition of sulfated amylopectin and removal 
of the precipitate. 
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When the complex-forming abilities of other polysulfate esters were 
studied, it became obvious that there is a continuous spectrum of phenom- 
ena which range from the completely reversible to the completely irrevers- 
ible formation of protein-polyanion complexes. Quantitative determina- 
tions of the reversibility of such complexes are not available, however. 

Study of Polyanion-Protein Interaction with Isolated Fractions of Plasma 
Proteins——Assuming that bovine fibrinogen and bovine serum albumin be- 
have like the corresponding human plasma protein fractions with respect 
to their interactions with polyanions, the results of experiments with the 
isolated fractions of plasma proteins confirm the existence of the three types 
of complex formation. 

Both 6-lipoglobulin and fibrinogen were accelerated by heparin. This 


ASCENDING DESCENDING. 


B-LIPOGLOBULIN 


WITH HEPARIN 


WITH SULFATEO 
PECTIC ACID 

Fig. 4. Acceleration of the electrophoretic mobility of human 8-lipoglobulin by 
(1) the formation of a soluble, reversible complex with heparin, and (2) the formation 
of a soluble, irreversible complex with sulfated pectic acid. The arrows are used as 
indicators as those in Fig. 2. 


acceleration occurred only in the ascending boundaries, denoting reversible 
complex formations (see Fig. 4). Sulfated pectic acid produced an accelera- 
tion of B-lipoglobulin in both limbs of the cell, and sulfated amylose has been 
shown to increase the mobility of fibrinogen in both ascending and descend- 
ing boundaries, thus indicating the irreversible formation of soluble com- 
plexes. Sulfated amylopectin completely precipitated both 6-lipoglobulin 
and fibrinogen, while sulfated amylose precipitated @-lipoglobulin only. 
Under the conditions described, albumin was not affected by any of the 
above mentioned polyanions. 

The data assembled in Table IIT show that the complex of 8-lipoglobulin 
with heparin has an electrophoretic mobility faster than that of ae-globulin. 
This confirms the above hypothesis that the apparent acceleration of ae- 
globulin in heparinized plasma is actually due to the acceleration of 81- 
globulin (see Fig. 2). 
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Fibrinogen is seen to be accelerated by heparin to become a component 
migrating with the mobility of 6:-globulin, a fact which was already men-_ 
tioned above. 


| 
TABLE 


Electrophoretic Mobilities Observed'As Result of Interaction of 
Plasma Proteins with Polyanions 


| Mobilities XK 10° (cm.? sec.~! volt=!) 
Protein Polyanion 
polyanion heparin | “pectic | sulfated 
mg. per mg. per 
100 ml, 100 ml. 
8-Lipoglobulin 980 80 
Ascending...............)| 3.0 4.5 4.9 
Descending............... 3.0 3.1 4.2 
Fibrinogen 570 80 
Ascending...............| 2.4 3.15 3.0 
Descending............... 2.3 2.4 3.1 
Albumin 800 86 
Ascending...............| 6.0 6.0 | | 
Descending............... 6.0 6.0 | | | 
Whole plasma ascending | | 1900 28 
5.25 5.25 | | | 
4.2 4.75 | | 
| | | 
Fibrinogen............... | 2.25 | | | 
y-Globulin................] 1.2 1.2 | | 
DISCUSSION 


The present results show that a series of polyanions, with the common 
properties of a high molecular weight and a high content in sulfate ester 
groups, is capable of interacting with 8-lipoglobulins of human serum. In 
the range of pH 7.5 to 8.6, no other serum protein interacts with the 
polyanions. An interaction of heparin or of other polyanions with albumin, 
as described by Chargaff et al. (4), only occurs at much higher polyanion 
concentrations, z.c. at 400 mg. of heparin per 100 ml. of solution. Three 
different types of interaction, and intermediate types between them, may 
occur, depending on the chemical and physicochemical nature of the poly- 
anion. 

The following is our concept of the mechanism of interaction between 
lipoproteins and polysulfate esters. First, there is the formation of a lipo- 
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protein-polyanion complex through the action of electrostatic forces. This 
complex has more negative and less positive charges and hence a higher elec- 
trophoretic mobility than the lipoprotein itself. When heparin served as 
the polyelectrolyte, an increase in the electrophoretic mobility has been 
found, however, in the ascending boundaries alone. The absence of a cor- 
responding phenomenon in the descending boundaries is obviously due to a 
reversal of the complex formation in the electric field, z.c. to the dissocia- 
tion of the complex into its components, 6-lipoglobulin and heparin. Since 
the latter has a high electrophoretic mobility (14 to 15 & 10-5 em.? sec.-! 
volt-'), it migrates rapidly away from the descending limb of the cell, 
where its depletion causes the dissociation of the complex to proceed to 
completeness. In the ascending limb of the cell, however, the concentra- 
tion of total heparin (free heparin plus heparin bound to protein) remains 
constant during the duration of the experiment, thus favoring the complex 
formation by the presence of an excess of heparin. The excess of heparin 
was also maintained in the descending limb of the cell by adding it to the 
overlying buffer solution, and consequently the effect of heparin on the 
plasma proteins became the same in both the descending and the ascend- 
ing boundaries. 

While the reversal of complex formation during electrophoresis, and pos- 
sibly also during ultracentrifugation, may be attributed to a low affinity 
of heparin for 8-lipoglobulin, other polyelectrolytes (e.g. sulfated pectic 
acid) have a considerably higher affinity for this protein. Accordingly, 
the formation of their complexes is irreversible. While the formation of 
8-lipoglobulin complexes with sulfated pectic acid was irreversible under the 
conditions described in this paper, a dissociation of this and of similar com- 
plexes may occur under different conditions. Irreversible protein com- 
plexes with electrolytes have also been reported by Gordon, after the addi- 
tion of oleic acid to serum (29). 

If special conditions in the nature of the polyanion prevail (which will be 
discussed in another paper), the complex may become insoluble as with 
sulfated amylopectin. The marked decrease in solubility in this case is 
probably due to a combination through electrostatic forces of a great num- 
ber of soluble complex particles into giant size particles of a markedly cross- 
linked structure. This hypothesis is supported by the finding that the 
insoluble product of interaction becomes soluble by the addition of an ex- 
cess of polyanion, yielding a very fast moving component. Thus, the in- 
soluble, giant particles would be broken up by an excess of polvanion into 
much smaller, soluble units in which all positive groups of the protein are 
linked to negative groups of the polyanion. The resulting particles would 
be practically devoid of positive groups and hence would have a high elec- 
trophoretic mobility. This has, in fact, been found. 

No clues are forthcoming at the present time as to what importance, 
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if any, the density and the flotation rate of the lipoprotein would have on 
the extent and type of interaction with a given polyanion. Although ultra- 
centrifugal studies have not yet been carried out, electrophoretic analyses 
have demonstrated that, in whole serum, it is always the same portion of 
lipoglobulins which participates in the interaction with the polyanion, re- 
gardless of the type of complex formation. 

Blasius and Seitz (30) noticed that the addition zn vitro of heparin to hu- 
man serum caused an acceleration of the electrophoretic mobility of globu- 
lins, similar to that described in this paper. This discovery was favored by 
the use of the Antweiler microelectrophoresis apparatus (31), which yields 
the ascending boundaries only, while it has been demonstrated in the pres- 
ent paper that the heparin effect zn vitro does not show up in the descend- 
ing boundaries, which are the ones taken into consideration by most in- 
vestigators. 

The existence of the soluble and reversible type of complex formation is 
of some interest, since this type of interaction leads to a dissymmetry be- 
tween ascending and descending boundaries of the electrophoretic patterns, 
such as has been observed with some human plasma, without the addition 
of any reagent (32, 33). 


We are especially grateful to Dr. J. L. Oncley, Dr. Kk. W. Walton, and 
Dr. D. G. Cornwell for providing a sample of purified human serum £-lipo- 
globulin, and we thank Mr. E. Dubinsky for carrying out the potassium 
and some of the lipide analyses. 


SUMMARY 


Analyses by moving boundary electrophoresis have established that, in 
the range of pH 7.5 to 8.6, B-lipoglobulin is the only protein in human serum 
to interact with certain macromolecular polysulfate esters. 

Three types of interaction have been detected, depending on the nature of 
the polyanion. These have been studied both with whole human serum and 
with a preparation of human 6-lipoglobulin. 

Representative polvanions for the three types of interaction are sulfated 
amylopectin, heparin, and sulfated pectic acid, respectively. 

Intermediate states between the three basic types of interaction have 
been observed with other polyanions. 

In human plasma, similar interactions between fibrinogen and polyanion 
occur simultaneously with the 6-lipoglobulin-protein interactions. 

A mechanism for these protein-polyanion interactions has been suggested. 
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ENZYMATIC FORMATION OF XYLULOSE 5-PHOSPHATE FROM 
RIBOSE 5-PHOSPHATE IN SPLEEN 


By GILBERT ASHWELL anp JEAN HICKMAN 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Department of Health, * 
Education, and Welfare, Bethesda, Maryland) 


(Received for publication, October 1, 1956) 


Lampen (1) and Mitsuhashi and Lampen (2) demonstrated that cell-free 
extracts of Lactobacillus pentosus grown on D-xylose were capable of metab- 
olizing this substrate in the presence of ATP! to form a mixture of b-ribose 
5-phosphafe and p-ribulose 5-phosphate. Although neither p-xylose 
5-phosphate nor p-xylulose 5-phosphate was found, these authors postu- 
lated the latter as an intermediate upon the observation that b-xylulose 
was phosphorylated more rapidly than p-xylose. 

p-Xylulose 5-phosphate was first isolated and identified as a product of 
the action of a mouse spleen extract on ribose 5-phosphate (3). This find- 
ing, Which confirmed the validity of the above observation, served also to 
emphasize the importance of this compound for mammalian biochemistry. 
Since the spleen preparation was shown to be free from transketolase, it 
was suggested that a separate enzyme was responsible for Xu5P formation. 
The purification and properties of that enzyme comprise the subject of the 
present paper. 

Shortly thereafter, the formation of XuS5P by extracts of Pseudomonas 
hydrophila was independently reported by Hochster (4) and has since 
been found in muscle, blood (5),? yeast (6), L. pentosus, and spinach (7). 
In addition, Stumpf and Horecker (7) have isolated an enzyme from pD-xy- 
lose-adapted cells of L. pentosus which converts Ru5P to XudP, and have 
named it phosphoketopentoepimerase (epimerase). This preparation, fur- 
ther purified by Hurwitz and Horecker (8), has been used to prepare Xu5P 
essentially free from R5P and RudP and to confirm the earlier identifica- 
tion of this compound. 

The recent demonstration that Xu5P rather than RudP is the actual 
substrate for the transketolase reaction (6, 9) provides us with a clearer 


1 The following abbreviations are used: ATP, adenosine triphosphate; DPN, di- 
phosphopyridine nucleotide; DPNH, reduced DPN; TPN, triphosphopyridine nu- 
cleotide; R5P, p-ribose 5-phosphate; RudP, p-ribulose 5-phosphate; Xu5P, p-xylulose 
5-phosphate; RuDP, p-ribulose diphosphate; S7P, p-sedoheptulose 7-phosphate. 

2 A full account of the work of Dickens and Williamson on muscle epimerase has 
now been published (29). The reaction catalyzed by the muscle enzyme appears 
to be identical in every respect to that observed with the spleen enzyme. 
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understanding for the role of this compound in carbohydrate metabolism. 


Thus, the first three steps in the metabolism of ribose phosphate may now | 


be written as follows: 


R5P (| 
RusP Xud5P (2) 
+ R5P — STP + triose P (3) § 


where Reaction | 1s catalyzed by phosphoribose isomerase, Reaction 2 by : 


epimerase, and Reaction 3 by transketolase. 


Methods and Materials 
Materials—Xud5P and RuDP were prepared according to the method of 


Stumpf and Horecker (7). The enzymes required for this preparation, | 
xylulokinase and phosphoribulokinase, were generously provided by Dr. | 


J. Hurwitz of this Institute. The free ketopentoses, xylulose and ribulose, 
were synthesized by the action of boiling pyridine on p-xylose and b-arab- 
inose, respectively (10, 11). R5P was obtained as the barium salt from 
the Schwarz Laboratories, Inc., and was converted to the potassium salt 
before use. Xylose 5-phosphate was a synthetic product kindly supplied 
by Dr. H. G. Khorana of the British Columbia Research Council. RudP 
and S7P were generously provided by Dr. B. L. Horecker of this Institute. 
Ail other substrates and cofactors were commercial preparations. 

The source of the a-glycerophosphate dehydrogenase was a 52 to 70 per 
cent ammonium sulfate fraction of rabbit muscle described by Cori, Slein, 
and Cori (12). This preparation, stored as a paste at 0° and dissolved as 
needed, had a low epimerase titer and was satisfactory for use in the 
epimerase assay. ‘Triosephosphate dehydrogenase was a three times re- 
crystallized rabbit muscle enzyme (12). The rat liver transketolase was 
prepared according to the method of Horecker, Smyrniotis, and Klenow 
(13). Potato phosphatase was purified by the method of Kornberg.* The 
alumina Cy was prepared as described by Willstitter e¢ al. (14) and the 
calcium phosphate gel by Keilin and Hartree (15). Both gels were aged 
for 6 months to a year before being used. 

Analytical Procedures—Epimerase activity was determined by the modi- 
fied transketolase assay as recently reported by Horecker, Smyrniotis, and 
Hurwitz (16). Here the triose phosphate, formed by the.action of trans- 
ketolase on Xu5P, is reduced by a-glycerophosphate dehydrogenase, and 
the reaction is followed by measuring the rate of decrease of DPNH at 340 
mu. In this reaction sequence, Xu5P is limiting, and the addition of 
epimerase results in a proportional response, as shown in Fig. 1. 


* A. Kornberg, unpublished procedure. 
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Xu5P was assayed by the transketolase reaction in the triosephosphate 
dehydrogenase system described by Cori, Slein, and Cori (12). The test 
system contained 5 wmoles of R5P, 0.15 wmole of DPN, 2 umoles of Na»- 
HAsO, 0.10 mg. of crystalline muscle triosephosphate dehydrogenase, 5 
umoles of glutathione, 25 umoles of pyrophosphate buffer, pH-8.5, and 0.01 
to 0.05 umole of Xu5P in a total volume of 1.0 ml. Addition of 50 y of 
rat liver transketolase caused a prompt and stoichiometric increase in ab- 
sorption at 340 my due to the formation of DPNH. Analysis of the re- 
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mix 109 OF SPLEEN EXTRACT 
Fic. 1. Assay method for epimerase. The test solution contained 0.5 umole of 

R5P, 0.10 umole of DPNH, 1 mg. of a-glycerophosphate dehydrogenase, 7 umoles of 
cysteine, 504 of rat liver transketolase, and 35 uwmoles of tris(hydroxymethy])amino- 
methane buffer, pH 7.5, in a total volume of 1 ml. Epimerase additions are as indi- 
eated in the figure. Readings were made in a Beckman DU spectrophotometer with 
lem. cells. Due toa slight lag in the development of the maximal rate, the figures 
shown above represent the average of readings taken at 2 and 5 minutes after the 
start of the reaction and are corrected for a small blank in the dehydrogenase prepara- 
tion. A unit of epimerase is defined as that amount required to give a decrease in 
optical density of 1.0 per minute under the conditions of the assay. 


action mixture by the cysteine-H.SO,4 method of Dische (17) indicated that 
the amount of heptulose formed corresponded exactly to the amount of 
DPN reduced. This assay proved to be a rapid and specific method for 
the determination of Xu5P either alone or in mixtures. However, at- 
tempts to determine RudP simultaneously by the addition of purified 
epimerase were unsatisfactory. 

The cysteine-carbazole reaction of Dische and Borenfreund (18) was 
used for the determination of Ru5P. Since both RudS5P and Xu5P are 
measured by this procedure, the latter was first determined in the enzyme 
assay described above and the appropriate correction made. A comparison 
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of the results obtained by this method with the amount of free sugars ac- | 
tually recovered from the equilibrium mixture demonstrates the validity _ 


of this procedure (Table II). 


Inasmuch as the method employed here varied somewhat from the | 


published description, the details are given in full. 


To 0.8 ml. of the unknown were added 0.2 ml. of a 1.2 per cent cysteine- | 


HCl solution and 5.0 ml. of an H2SO, reagent prepared by adding 70 vol- 
umes of concentrated H2SO, to 30 volumes of distilled water. This was 
followed immediately by the addition of 0.20 ml. of a 0.10 per cent alcoholic 


solution of carbazole. When the phosphorylated sugars were being meas- — 
ured, the tubes were incubated for 30 minutes at 37° and read at 540 my — 
on a Beckman DU spectrophotometer with 1 cm. cells. Under these con- — 


ditions, 0.10 umole of Ru5P gave an optical density of 0.140 and Xu5P_ 
0.050. For the determination of the free ketopentoses, the tubes were | 


read after 15 minutes at room temperature. Here, 0.10 umole of ribulose 


read 0.495, and xylulose approximately one-half of this value. The in-- 


tensity of color due to xylulose continues to increase with time until the 
same maximum is reached in about 3 hours. 


The difference in the rate of color development between 15 and 120_ 
minutes has been used to estimate the respective concentration of the free — 


ketopentoses in mixtures. In this case pure crystalline standards (ribulose _ 


o-nitrophenylhydrazone and xylulose p-bromophenylhydrazone) are run 


simultaneously, and the increase in absorption of the unknown during this | 


time period is compared to that of the standards. This method has a 
limited value and must be interpreted with caution where appreciable 
amounts of aldopentose are present. 

Ribose 5-phosphate was determined by the recently developed phloro- 
glucinol method of Dische.* In contradistinction to the Bial reaction, this 
assay is essentially unaffected by the presence of ketopentose phosphate 
and can be used to determine R5dP alone or in equilibrium mixtures with 
Ru5P and Xu5P. An alternative procedure, as developed by Hurwitz 
and Horecker (8), consists of the preliminary destruction of the ketopen- 
toses by alkali followed by the conventional orcinol reaction. Phosphorus 
analyses were performed according to a modification by King of the Fiske- 
Subbarow procedure (19) and protein by the optical method of Warburg 
and Christian (20). In the Park-Johnson method (21) employed for total 
sugars, ribose, ribulose, and xylulose all have the same reducing power. 


Enzyme Purification 


Preparation of Acetone Powder—The spleens from freshly slaughtered 
calves, obtained from a local slaughterhouse, were chilled in ice and brought 


4 Unpublished procedure. The authors are grateful to Dr. Dische for kindly mak- 
ing the details of his method available in advance of publication. 
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to the laboratory for immediate processing. After removal of the splenic 
membrane, the pulp was cut into small cubes and divided into 100 gm. 
portions. Each 100 gm. batch was extracted for 1 minute in a Waring 
blendor with 400 ml. of cold (— 12°) acetone and filtered by suction. The 
residue from two such filtrations was pooled and reextracted with another 
400 ml. of cold acetone for 30 seconds and again filtered. The almost dry 
cake was removed and gently rubbed through an aluminum window screen 
mesh. The large coarse strands failing to pass through the screen were 
rejected, and the fine powder obtained was spread out on the table top and 
allowed to dry for several hours at room temperature. This preparation, 
stored in tightly stoppered bottles at 3°, was found to be stable for over a 
year. The yield of dry powder was approximately 15 per cent of the wet 
weight of the spleen. 

Water Extract—10 gm. of the calf spleen acetone powder were stirred 
with 200 ml. of distilled water for 10 minutes at room temperature and 
centrifuged. The clear supernatant solution, containing phosphoribose 
isomerase, epimerase, and transketolase, was stable indefinitely when 
stored at —12°. From this point on, all operations were carried out in 
the cold room at 0-3° unless otherwise indicated (“Original extract,” 168 
ml.). 

Ammonium Sulfate [—The above extract was made 50 per cent saturated 
by the addition of 49.1 gm. of solid ammonium sulfate and was allowed 
to stand for 30 minutes before centrifuging. The supernatant solution 
was discarded and the heavy precipitate taken up in cold distilled water 
(‘Ammonium sulfate I,” 40 ml.). 

Heat Treatment—The enzyme solution was brought to 60° rapidly with 
stirring in a boiling water bath and then transferred to a constant tempera- 
ture bath at 60° for 10 minutes. The solution was then chilled in ice water 
and the heavy flocculent precipitate removed by centrifugation. The 
slightly turbid, amber-colored solution was free from transketolase at this 
point and could be used for the preparation of equilibrium mixtures of 
Ru5SP, Xu5P, and R5P (‘‘Heated fraction,” 35 ml.). 

Acetone Fractionation—It was necessary to carry out a pilot run on this 
step to determine the exact amount of acetone to be added, since there was 
variation from batch to batch. In general, the fraction precipitating be- 
tween 45 and 65 per cent volume per volume of acetone contained the bulk 
of the epimerase and was free from isomerase. In a typical run, 30 ml. of 
the heat-treated enzyme were chilled to —2°, and cold acetone (— 10°) 
was added slow]y, the temperature of the well stirred suspension being 
gradually lowered to —6° to —8°. After 24 ml. of acetone had been added, 
the suspension was centrifuged at — 10° in a Servall angle head centrifuge. 
The precipitate, containing phosphoribose isomerase free from epimerase, 
may be dissolved in water and saved for the preparation of this enzyme if 
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so desired. The clear, almost colorless supernatant solution was further | 
fractionated by the addition of another 30 ml. of acetone as above. After | 


centrifuging, the white precipitate was dissolved in a small amount of cold 


water and dialyzed overnight against 100 volumes of distilled water at 0°. — 
A small amount of insoluble material was removed by centrifugation, leay- — 
ing a clear colorless solution of the enzyme free from isomerase (‘‘Acetone | 


fraction,” 8.3 ml.). 
Alumina Cy Step—To 6.9 ml. of the dialyzed enzyme containing a total 


of 16 mg. of protein were added 1.41 ml. of alumina Cy containing 11.4 | 
mg. of dry weight of gel per ml. (protein to gel ratio of 1:1). This was | 


allowed to stand for 10 to 15 minutes at 0° and centrifuged. The super- 


natant fluid was discarded and the pellet suspended in 6.9 ml. of 0.1 m | 


TABLE 
Purification of Epimerase 


Fraction Units* per ml. | Units per mg Total units 


protein 
S 12 10 2016 
Alumina Cy gel eluate......_. 101 | 102 700 
Ammonium sulfate II.................... 320 | 99 640 


Calcium phosphate gel 70 200 470 


* For the definition of a unit, see Fig. 1, legend. 


phosphate buffer, pH 7.6. The suspension was again centrifuged and the 
gel discarded (‘‘Alumina Cy gel eluate,” 6.9 ml.).. 

Ammonium Sulfate 1[—The eluate from the alumina Cy gel was made 
60 per cent saturated by the addition of 2.5 gm. of solid ammonium sulfate 
and allowed to stand overnight at 0°. The suspension was centrifuged 
and the precipitate taken up in a small amount of cold distilled water 
(“Ammonium sulfate 2 ml.). 

Calcium Phosphate Gel—To 1.8 ml. of the Ammonium sulfate I] fraction 
containing 3 mg. of protein per ml. were added 3.6 ml. of cold distilled 
water, making the protein concentration of this sample 1 mg. per ml. To 
this solution were added 1.08 ml. of a calcium phosphate gel containing 8.9 
mg. of dry weight of gel per ml. Immediately upon mixing, the solution 
was centrifuged and the gel discarded, the bulk of the activity remaining 
in the water-clear supernatant fluid. At this stage, the enzyme is approxi- 
mately 200-fold purified and is stable for over a month at 0°. It is free 
from transketolase and isomerase and has no detectable phosphatase ac- 
tivity. The yield and activity of each step are given in Table I. 
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Properties of Enzyme 


Stability—Epimerase is an extremely stable enzyme. Purified prepara- 
tions have been stored for a period of several months at 0° without loss of 
activity. 

pH—The pH optimum for this enzyme is very broad; no differences in 
the rate of epimerization were observed in the range, pH 7 to 8.5. Below 
pH 7, the rate falls off slowly, and at pH 5.8 it is about 75 per cent as fast 
as that at pH 7.5. 

Specificity—Epimerase appears to be specific for the two ketopentose 
phosphates. Among the substances tested and found inactive were xylose 


TaBLeE II 
Equilibrium of Epimerase Reaction 
Time Xu5P | Ru5P | Total Xu5P 

min. pmoles | pmoles | umoles per cent 

0 2.35 0.73% | 3.08 76 
10 1.85 1.23 | 3.08 60 
20 1.82 1.24 3.06 59 


The conditions were as follows: 2.35 umoles of an Xud5P preparation containing 
24 per cent RudP were incubated with 3.5 y of purified epimerase in 0.4 ml. of 0.01 M 
imidazole buffer, pH 7.5, at 37°. The reaction was stopped by the addition of 0.05 
ml. of 15 N perchloric acid, and the reaction mixture was neutralized with 5 n NaOH. 
The assays were carried out as those described under ‘‘Methods.”’ 

* It should be noted that the relatively high concentration of RudP in this sam- 
ple is due to the fact that the dry barium salt of Xu5P is slowly converted to the 
equilibrium mixture. 


5-phosphate, ribulose diphosphate, ribulose, xylulose, sedoheptulose 7-phos- 
phate, hexose diphosphate, and fructose 6-phosphate. 

Spectrum—The ultraviolet spectrum of the purified enzyme showed a 
single peak at 280 my and had a 280:260 ratio of 1.53. 

Equilibrium—It can be seen from the data in Table III that xylulose 
phosphate constitutes 57 per cent of the total ketopentose phosphate in an 
equilibrium mixture with ribose and ribulose phosphate. That the same 
equilibrium value is reached from the reverse direction is shown in Table II. 


Preparation of Pentose Phosphate Equilibrium Mixture 


To 900 umoles of R5P were added 175 units of a partially purified epi- 
merase preparation (after the heat treatment) in 16 ml. of 0.01 mM imidazole 
buffer, pH 7.5, and the mixture was incubated for 20 minutes at 37°. The 
reaction was stopped by the addition of 1.7 ml. of 9 N perchloric acid. 
After removal of the protein by centrifugation, the solution was brought 
to pH 5 with 10 x KOH, and the insoluble potassium perchlorate was re- 
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moved. Both precipitates were washed with a small amount of water, 
and the washings were combined with the supernatant liquid. The equi- 
librium mixture was assayed at this point, and the results are shown in 
Table III. 


To 36 ml. of the neutralized sample were added 3 ml. of 1 mM sodium ace- | 
tate, pH 5.3, and 0.2 ml. of 1 Mm magnesium chloride. The reaction flask — 
was transferred to a water bath at 37°, and 30 ml. of purified potato phos- © 
phatase (600 units per ml.) were added in 10 ml. portions over a period of — 


4 hours. Inorganic phosphorus assay indicated complete dephosphoryla- 
tion. 


Deionization was carried out on a mixed bed resin prepared by mixing | 


TaBLeE III 
Assay of Equilibrium Mixture of R5P, RuSP, and 


Pentose phosphate formed | Dephosphorylated sugar 
Sugar fraction by incubation with spleen recovered from borate 

epimerase* | columnt 
pmoles | pmoles 


* Ribose phosphate was assayed by the phloroglucinol method. Ribulose and 


xylulose phosphates were assayed as described under ‘‘Methods.’’ 

t The free sugars were determined by the orcinol method and as reducing sugars. 
Ribulose and xylulose, in addition, were assayed by the cysteine-carbazole method. 
Iixcellent agreement was obtained with all three methods. 


together equal portions (25 ml.) of Duolite A-4 (OH-) and Amberlite 
IR-120 (H+). The dephosphorylated sugars were added directly to the 
column without prior removal of the phosphatase, and the rate of flow was 
adjusted to 1.5 ml. per minute. The neutrality of the effluent was deter- 
mined at several points during this operation to check the adequacy of 
deionization. Upon completion of the run, the resin was washed twice 
with 50 ml. portions of distilled water, and the washings were added to 
the original effluent. 

Resolution of the free pentoses was accomplished by the use of a Dowex 1 
borate column (1). The deionized sample (200 ml.) was made 0.01 M 
with potassium borate, placed on a Dowex 1 borate column 60 cm. X 2.4 
cm., and washed with 50 ml. of 0.01 m borate solution. The rate of flow 
was adjusted to 1 ml. per minute, and 15 ml. fractions were collected. 
Elution was begun with 0.02 m potassium borate, and the appearance of 
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sugar from the column was followed by the orcinol reaction. The xylulose 
(Tubes 34 to 70) and the ribose (Tubes 77 to 166) peaks were pooled sepa- 
rately, and the concentration of the eluting solution was then increased to 
0.04 m potassium borate. Ribulose appeared in Tubes 224 to 313. 

The various pooled fractions were treated batchwise with Amberlite 
IR-120 (H+) to convert the borate complex to boric acid. The resin was 
removed by filtration, washed with distilled water, and the washings were 
added to the respective pools. They were then concentrated to a syrup 
in vacuo at 40°. The syrup was dissolved in 75 ml. of absolute methanol 
and the methyl borate removed by distillation (22). This process was 
repeated three times. The final concentrate was taken up in 1 ml. of 
water, treated with 200 mg. of charcoal (Darco), and filtered. A clear, 
water-colored solution of the sugar resulted. Recovery is shown in Table 
ITI. 


TaBLeE IV 
Mutarotation of Xylulose p-Bromophenylhydrazone* 


[a] 
Concentration 
15 min. ' 7 days 
degrees  Saee gm. per 100 ml, 
Xylulose fraction from column............. +244.9 | ~—32 1.1 
Authentic +24.1 | —31 1.79 


* Dissolved in pyridine. 


Upon paper chromatography in phenol-water (9:1) and amyl acetate- 
acetic acid-water (3:3:1), the xylulose fraction gave a single spot corre- 
sponding to known xylulose and exhibited the characteristic gray-purple, 
non-fluorescing reaction towards the Klevstrand-Nordal spray (23). Com- 
parison of the orcinol spectrum with that of authentic xylulose gave identi- 
cal curves with a 540:670 ratio of 0.34. Similarly, the time for maximal 
color development in the cysteine-carbazole reaction was about 3 hours, 
paralleling that of known xylulose. 

The p-bromophenylhydrazine derivative was prepared according to 
Schmidt and Treiber (10). The hydrazone crystallized in pale yellow, 
rectangular plates melting at 126-128°. The same derivative prepared 
from authentic D-xylulose also melted at 126—128°, and the mixed melting 
point remained unchanged. Optical rotation measurements of the p-bro- 
mophenylhydrazones of known and recovered xylulose exhibited the same 
mutarotation, as shown in Table IV. 

The crystalline phenylosazone of the xylulose fraction was prepared and 
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melted at 161-162°. Pure p-xylosazone melted at 161—-162°. Equal por- 


tions of the two derivatives were mixed and recrystallized. The melting | 


point of this product was 161.5-162.5°. Since it is known that the melt- 


ing point of pure bL-xylosazone is about 40° higher than that of either | 


isomer alone (24), the constancy of the mixed melting point observed here 


with known pb-xylosazone would indicate that the unknown sugar was © 


p-xylulose. 
However, the optical rotation of the free sugar as recovered from the 


column was [a]2? —23° (H.O, ¢ 2.1). The rotation of pure p-xylulose is | 


[a]? —33.1° (10). This somewhat disconcerting observation was repeated 
many times on different preparations and the rotation was invariably low. 
The possibility that some L-xylulose might have been formed was consid- 
ered, but the data on the mutarotation of the p-bromophenylhydrazone 
and the constancy of the mixed melting point with known p-xylosazone 
would seem to eliminate this possibility. 


The identity of the ribose and ribulose fractions was checked by their | 


optical rotation, their characteristic reactions in the orcinol and cysteine- 
carbazole assay, and by paper chromatography with known standards. 


The ribulose was further identified by the formation of the o-nitrophenyl- | 


hydrazone derivative (11). 


DISCUSSION 


The significance of Xu5P in carbohydrate metabolism has only recently 7 
become clear with the finding that it, rather than RudP, serves as a sub- | 
strate for the transketolase reaction (6, 9). Since it has also been demon- | 


strated to be the primary product of liver transketolase acting on fructose 


6-phosphate and triose phosphate (16), it is now apparent that an oxida- | 
tion step is not essential for the conversion of hexoses to pentoses. ‘The | 


role that this pathway may play in the de novo synthesis of nucleotides 
remains to be investigated. 

The mechanism of the epimerization reaction, however, is still obscure. 
It was shown that this reaction proceeds independently of transketolase 
and was initially suggested that an enediol of ribulose between carbons 2 
and 3 might be an intermediate. The finding of small amounts of erythro 
3-ketopentose in the original incubation mixture gave some basis for this 
hypothesis (25). However, further work has failed to yield supportive 
evidence and the problem is still unsettled. 

An alternate problem of considerable interest is the possible interconver- 
sion of p- and L-xylulose. The latter compound, which is found in large 
amounts in the urine of certain individuals, has been shown to arise from 
p-glucuronolactone (26), although its significance is unknown. Recently, 
Touster et al. have demonstrated the presence of a TPN-specific xylitol 
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dehydrogenase in guinea pig liver mitochondria which is capable of reduc- 
ing L-xylulose to the sugar alcohol, xylitol (27). The same preparation 
has since been shown to possess a DPN-linked dehydrogenase which reacts 
similarly with p-xylulose (28). Hence, it is possible that the L-xylulose of 
pentosuria may arise by this route directly from the dephosphorylated 
product of the metabolically active p-Xu5P. 


SUMMARY 


1. The earlier identification of D-xylulose 5-phosphate (Xu5P) as a prod- 
uct of ribose 5-phosphate (R5P) metabolism in spleen extracts has been 
extended and further documented. 

2. The enzyme responsible for the formation of this compound, phospho- 
ketopentoepimerase, has been purified about 200-fold from a calf spleen 
acetone powder. 

3. The reaction RuSP — Xu5P has been shown to be freely reversible 
and to have an equilibrium constant of approximately 1.4 at 37°. 

4. An assay procedure for the simultaneous determination of ribulose 
and xylulose phosphate in mixtures has been described. 
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STUDIES IN HISTOCHEMISTRY 


XLVII. MICRODETERMINATION OF MAGNESIUM AND ITS 
HISTOLOGICAL DISTRIBUTION IN THE ADRENAL IN 
VARIOUS FUNCTIONAL STATES* 


By DAVID GLICK, ESTHER F. FREIER,t ann MARY J. OCHS 


(From the Histochemistry Laboratory, Department of Physiological Chemistry, and the 
Hospital Laboratory Service, University of Minnesota 
Medical School, Minneapolis, Minnesota) 


(Received for publication, November 2, 1946) 


As an extension of previous studies on the quantitative histological dis- 
tributions of substances and activities of functional importance in the 
adrenal gland, and the effects of different physiological states upon them, 
this investigation is concerned with magnesium. The prominent role of 
magnesium in intermediary metabolism suggested that changes in the con- 
centration of this element might be involved in the biochemical changes 
occurring in the adrenal gland. 

The authors are aware of no earlier studies on the distribution of mag- 
nesium in the adrenal in either the normal or the altered state. Accord- 
ingly, the first work undertaken was an investigation of the distribution of 
magnesium in the adrenal of the untreated guinea pig and rat, and then, in 
the rat, the effects of hypophysectomy and the administration of cortico- 
tropin (ACTH) were investigated. 

To carry out this project, it was necessary to develop a procedure for the 
determination of magnesium in microgram quantities of tissue to permit. 
analysis on histologically defined samples, 7.e. microtome sections. For 
this purpose the colorimetric Titan yellow reaction was adapted to the mi- 
croscale required, as it was particularly well suited to the analysis of large 
numbers of samples because of its relative simplicity, rapidity, and ac- 
curacy. 


Determination of Magnesium 


The Titan yellow method for magnesium, first described by Kolthoff (1), 
depends upon the change in color from yellow to red which Titan yellow 
(thiazole yellow, Clayton yellow) undergoes when magnesium hydroxide is 


* This investigation was supported by a research grant from the Louis W. and 
Maud Hill Family Foundation, and by a research grant, No. RG-3911, from the Na- 
tional Institutes of Health, United States Public Health Service. 

t Some of the data in this paper were included in a thesis submitted in partial 
fulfilment of the requirements for the degree of Master of Science of the Graduate 
School of the University of Minnesota. 
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precipitated in its presence. The method has been applied to serum and © 
plasma by Craig et al. (2), who used fuming nitric acid to digest the sample, © 
by Garner (3), Heagy (4), and Orange and Rhein (5), who employed tri- | 
chloroacetic acid filtrates, and by Kunkel et al. (6), who used tungstic acid | 
filtrates. Lilienthal e¢ al. (7) applied the procedure of Kunkel to trichloro- | 
acetic acid filtrates of muscle homogenate. These investigators used dif- — 
ferent colloidal stabilizers and proportions of reagents. For the purposes | 
of this study, features of earlier methods (3-5) were combined, and the 
procedure was scaled down for microgram samples. Microtome sections — 
of fresh frozen tissue were obtained by the technique recently developed in — 
this laboratory (8), and the chemical equipment and its use were those 
employed in previous studies in this series (e.g. Malmstrom and Glick (9)). | 

Reagents—-Polyvinyl alcohol (PVA) stock solution, 1 per cent. Dissolve | 


PVA (du Pont No. 70-05, 98 to 100 per cent hydrolyzed) in distilled water 
at 60° by stirring and then filter; if the solution becomes cloudy upon stand- 
ing, discard. Titan yellow (TY) stock solution, 0.1 per cent. Store in a 
cool dark place and discard after 1 week. JTY-PVA working solution. 
Mix 1 volume of 1 per cent PVA with 2 volumes of 0.1 per cent TY and 
dilute to 10 volumes with distilled water; prepare fresh for each use. Ap- 
proximately 4.5 n NaOH. Prepare carbonate-free by diluting saturated 
solution 1:4. Trichloroacetic acid (TCA), 5 and 10 per cent. Prepare 
fresh every 2 weeks and store in thecold. Standard stock solutions of mag- 
nestum. Prepare a 100 m.eq. per liter solution from pure magnesium 
(1.216 gm.) and enough HCI to dissolve it, and make up to 1 liter with 
distilled water; dilute to give 1, 2, 3, 4, and 5 m.eq. per liter solutions. 
Standard working solutions of magnesium. Dilute each stock solution 
twenty times with 5 per cent TCA; prepare fresh every 2 weeks and store 
in the cold. 

Procedure—(a) Pipette 7 ul. of distilled water into the bottom of each 
reaction tube and place the tissue section or other sample in the water. 
(b) Pipette 9 ul. of 5 per cent TCA into another tube to serve as a blank. 
(c) Pipette 9 ul. of each working standard solution into separate tubes. 
(d) Add 7 ul. of 10 per cent TCA to the liquid in each tube in Step a and 
mix. (e) After the solution stands for 30 minutes at room temperature, 
centrifuge the tubes with the samples and pipette 9 ul. aliquots of the super- 
natant fluid into separate tubes. (f) Add 5 ul. of TY-PVA working solu- 
tion to each aliquot, blank, and standard, and mix. (g) Add 5 ul. of 4.5 
N NaOH to each tube, mix, centrifuge to remove any particles, and measure 
the absorbance. (A microscope colorimeter (9) was used with a Farrand 
interference filter having maximal transmission at 546 mu.) (h) Correct 
for the blank and obtain the values for the samples from the calibration 
graph. (14/9 & Mg in an aliquot of unknown = Mg in the sample.) 
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Discussion of Method—A detailed discussion of the Titan yellow method, 
including its comparison with others in common use, was given by Freier 
(10), who concluded that it compared favorably with other methods with 
respect to accuracy and precision, and offered advantages in manipulative 
ease. A test of the precision of the method herein described gave a co- 
efficient of variation of 1.92 per cent for the analysis of ten aliquots of a 
pooled sample of human blood serum (mean 1.90 m.eq. of Mg per liter), 
and 1.65 per cent for eight aliquots of a homogenate of dog heart (mean 
18.84 m.eq. of Mg per kilo, wet weight of tissue). 


Preparation of Tissue Samples 


Female guinea pigs weighing 500 to 900 gm. and male albino rats 
(Sprague-Dawley) weighing 350 to 500 gm. were used. For the hypophy- 
sectomy experiments, untreated rats, rats which underwent sham operation, 
and hypophysectomized rats were obtained from the Hormone Assay Lab- 
oratories, Inc., Chicago. The animals were housed in a constant climate 
room at 25° + 1°, 30 to 50 per cent relative humidity, and controlled 
electrical illumination, 12 hours of light (6 a.m. to 6 p.m.) and dark. The 
animals were killed by a single hammer blow on the head, and all were 
killed at the same time of day (10 a.m.). 

The adrenals were quickly removed, frozen with solid carbon dioxide, 
and stored at —20°. Serial microtome sections of the fresh frozen tissues 
were obtained for chemical analysis and histological examination by pro- 
cedures described in earlier publications in this series (8, 11, 12). For each 
tissue section taken for chemical analysis, an adjacent section was taken 
for histological identification. The latter was made after fixing in Carnoy’s 
solution and staining with toluidine blue. 


RESULTS AND DISCUSSION 


Both guinea pig and rat adrenals were found to have relatively constant 
concentrations of magnesium throughout the cortex with definite increases 
in the medulla (Fig. 1). No effect was seen after the ACTH treatment of 
the rats, and hypophysectomy did not result in a change either of the shape 
of the curve of magnesium concentration or of the magnitude of the values 
(Fig. 2). The tendency to lower values which is apparent following hypo- 
physectomy could not be considered significant in view of the variability 
observed between different glands. The degree of atrophy which was 
caused by the hypophysectomy is indicated by the fact that the adrenal 
weights of the control rats averaged 24 mg. while those of the hypophysec- 
tomized animals averaged 10 mg. 1 month after the operation. 

Although the data presented no significant changes in magnesium con- 
centration in the histological zones of the adrenals after treatments which 
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are known to affect the functional state of the organ, the possibility is not 
ruled out that changes may have occurred at the cell level without influenc- 


ing the over-all concentrations in the zones. 


| cre lor iu! rm! 


Guinea Pig Adrenal (!0) 


4 
E 


Rat Adrenal 
Controls (4) 
@—— 3hrs. after |Omg. 
ACTH, s.c. (4) 


O 0.2 0.4 0.6 0.8 1.O 1.2 
mm. from Surface 


Fic. 1. Distribution of magnesium in guinea pig adrenals (each section is 3 mm. 
diameter, 16 w thick, 0.11 ul. volume), and in rat adrenals (each section is 1.5 mm. 
diameter, 16 w thick, 0.028 wl. volume) with and without single subcutaneous injec- 
tions of 10 mg. of ACTH (25mg. perkilo). The points represent the means, the verti- 
cal lines through points, the standard error of means. Histological zones are indi- 
cated on the top of each graph by G, F, R, and M, denoting glomerulosa, fasciculata, 
reticularis, and medulla, respectively. © and I refer to outer and inner, respec- 
tively. Sections which are mixtures of two zones are indicated by the use of both 
letters. The numbers in parentheses after the names of the species or treatment de- 
note the number of adrenals analyzed to obtain the composite curve. 


It is rather striking that the magnesium concentration in the medulla is 
so much higher than that in the cortex on a tissue-volume basis. On a 
fat-free dry weight basis, the concentration in the medulla and in the outer 
fasciculata of the guinea pig adrenal are of the same order because the fat- 
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free dry weight in the outer fasciculata has been shown to be low (13). 
On the other hand, the concentration of potassium in the medulla of the 
guinea pig adrenal was found to be relatively low on a fat-free dry weight 
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g }Om—— Hypophysectomized (7) 
Om == Sham- operated (4) 
Untreated (4) 


TK 


mp eq. Mg. / 6 Sections 


0.2 04 O08 1.0 1.4 0.2 0.4 0.6 0.8 
mm. from Surface 
Fig. 2. Distribution of magnesium in adrenals from untreated rats and from those 
1month after hypophysectomy or sham operation. Fachsection is 1.5mm. diameter, 
16 » thick, 0.028 ul. volume. ; 


ndi- | basis, while the highest concentration was maintained in the outer fasci- 
ata, | culata (13). 


yoth SUMMARY 


Details are given of a photometric microprocedure, based on modifica- 
tions of the Titan yellow method, for the determination of magnesium in 
ais | Microgram samples of tissue. 

n a By analysis of microtome sections of adrenal tissue, the quantitative 
iter | distribution of magnesium in the histological zones of the adrenals of the 
fat- | guinea pig and rat was measured. It was found that the administration 
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of ACTH to rats was without demonstrable influence. Furthermore, no | 
change in the magnesium concentration in any region of the rat adrenal | 
was observed as a consequence of hypophysectomy 1 month earlier. | 
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CITROVORUM FACTOR AND THE SYNTHESIS 
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It has been reported that, when CF! was incubated with a liver fraction, 
the CF growth activity was lost and an arylamine appeared (1). It has 
since been found that the sequence of reactions involved in the inactivation 
is as presented. 

Data in support of this view are submitted in the present paper. 


Materials and Methods 


The CF used was the barium salt isolated from horse liver (2). N-For- 
my]-L-glutamic acid was synthesized by the procedure of Tabor and Mehler 
(3). The barium salt was prepared by neutralization of the crystalline-free 
acid with Ba(OH)., and the salt was then crystallized from water-ethanol 
solution. The formiminoglutamic acid used was that isolated from the 
urine of folic acid-deficient rats (4). 

Microbiological procedures for the determination of formylated and un- 
formylated forms of THFA in which Leuconostoc citrovorum was employed 


(1) 


+ 


OH CHO | 


Citrovorum factor 


1 The following abbreviations are used: CF, citrovorum factor, N*5-formyl-1(L)- 
5,6,7,8-tetrahydrofolic acid; PABGA, p-aminobenzoylglutamic acid; THFA, 
5,6,7,8-tetrahydrofolic acid; ATP, adenosine triphosphate. 
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were those described previously (5, 6). Briefly, (a) CF was determined 
after the samples were diluted in water, added to the basal medium, and 
autoclaved. (b) The sum of the CF, anhydro-CF, and N!°-formyl-THFA 
was determined after the samples were autoclaved in potassium ascorbate 
(50 mg.; total volume, 1.0 ml.) for 30 minutes and then diluted in water, 
added to the basal medium, and autoclaved. The preliminary autoclaving 
in ascorbate solution converts the ring and N?!°-formyl forms to CF, the 
stable N®-formy] derivative. (c) The total THFA activity was deter- 
mined by diluting the samples and standard in potassium ascorbate (6 mg. 
per ml.), adding them aseptically to presterilized medium, and incubating 
in the presence of ascorbate (6 mg. in 10 ml. of medium). Thesum of the 
anhydro-CF and N!°-formyl-THFA is represented by the difference between 
the values found in assay by treatments (b) and (a). THFA is represented 
by the difference in activity of (c) and (6). 

Formylglutamic acid in the reaction mixtures was determined after pas- 
sage of an aliquot of the solution through 2 ml. of Dowex 50-H+. The 
combined effluent and wash, after neutralization, were concentrated to a 
convenient volume and heated for 30 minutes at 100° in 0.5 Nn HCl. The 
increase in glutamic acid after hydrolysis was determined by the ninhydrin 
procedure of Moore and Stein (7) or by Lactobacillus arabinosus growth 
assay (8). L-Glutamic acid was used as the reference standard. Protein 
was determined by the method of Lowry et al. (9). Arylamine formation 
was determined by the procedure of Bratton and Marshall (10). Crystal- 
line p-aminobenzoic acid was used as a reference standard. 


EXPERIMENTAL 
Purification of Enzyme 


An enzyme unit was defined as that amount of enzyme which, when 
incubated for 15 minutes in air at 37°, in the presence of 0.27 umole of CF 
and 68 umoles of potassium glutamate, gave rise to the liberation of 0.004 
umole of arylamine. The reaction was carried out in a volume of 7.0 ml., 
containing 1.0 ml. of 0.33 m phosphate buffer, pH 6.6. 

The purification procedure was applied to commercially frozen hog 
liver which initially contained 5 to 6 units of enzyme per gm. (wet weight 
of tissue). 230 gm. of frozen liver, which had previously been ground three 
times in a food grinder and refrozen, were, while still in the frozen state, 
cut into thin slices. The slices were suspended in 500 ml. of 0.04 m chilled 
phosphate buffer (pH 7.0) and stirred with a mechanical stirrer at room 
temperature until the temperature of the slurry reached 1°. 80 gm. of 
Hyflo Super-Cel were added, and the slurry was filtered through two circles 
(24 cm.) of Whatman No. 4 filter paper precoated with 60 gm. of Hyflo 
Super-Cel. The filtration and all subsequent procedures were carried out 
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at 0-5°. The filter cake was washed with 100 ml. of 0.04 m phosphate 
buffer, pH 7.0. 

The pH of the combined filtrate and wash (Fraction A, Table I) was 
adjusted to 5.5 witb acetic acid, and a voluminous precipitate which formed 
was separated by filtration and rejected. To the clarified filtrate (Frac- 
tion B), 21 gm. of ammonium sulfate were added for each 100 ml. of solu- 
tion. The pH was adjusted to 5.5 with KOH. After 30 minutes at 0°, 
the precipitate was collected by centrifugation at 3900 X g and 0° for 15 
minutes. The supernatant liquid was discarded, and the precipitate was 
dissolved in 40 ml. of cold water and frozen (Fraction C). The frozen solu- 
tion was thawed and adjusted to pH 5.5 with acetic acid. The precipitate 
which formed was collected by centrifugation, washed with 0.01 mM acetate 
buffer, pH 5.5, and suspended in 0.1 m phosphate buffer at pH 7.8. The 
slurry was adjusted to pH 8.0 with KOH and stirred for 1 hour with a mag- 


TaBLeE I 
Purification of Enzyme Preparation 
Fraction Total units 
D. pH 5.5 ppt., dissolved and clarified............ | 460 | 20 = -25 


netic stirrer. Insoluble material was rejected by centrifugation (25,000 X 
g) for 15 minutes. The clarified supernatant solution (Fraction D) was 
stored at —10° with no apparent loss of activity for several months. The 
purification procedure is summarized in Table I. 

In the enzyme assay system described earlier, 5 units of the enzyme were 
saturated with 0.27 to 0.41 umole of CF. For maximal activity under these 
test conditions from 68 to 136 uwmoles of L-glutamate were required. The 
rate of formation of arylamine was proportional to the enzyme concentra- 
tion when | to 10 units of enzyme was present. If the CF concentration 
was sufficiently high (about 1 wmole per 7.0 ml.), the reaction rate was 
linear for 1 hour. In phosphate buffers, the reaction rate showed no sig- 
nificant differences in the range pH 6.2 to 7.8. The enzyme is completely 
inactivated in 15 minutes at pH 8.0 and 45° or at pH 6.0 and 55°. 


Isolation and Identification of Reaction Products 


PABGA and N-formy]-L-glutamic acid were established as products of 
the reaction. 98 umoles of CF (Ba salt), 408 umoles of L-glutamate (Ix 
salt), approximately 2000 enzyme units, and 6 ml. of 0.33 m phosphate buf- 
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fer, pH 6.6, in a final volume of 47 ml. were incubated at 37° in air for 6 
hours. 79 umoles of arylamine were produced. 

The preparation was inactivated by heating for 3 minutes at 95° and 
filtered, and the combined filtrate and water wash of the residue (100 ml.) 
was passed through 20 ml. of Dowex 50-H*+ contained in a 100 ml. burette. 
The effluent and water wash of the column were combined (volume 225 ml.) 
and concentrated in vacuo to about 50 ml. The concentrated sample was 
free of arylamine, but contained several mg. of ninhydrin-reactive material, 
presumably glutamic acid, together with a substance that gave rise to gluta- 
mic acid (87 umoles) upon mild acid hydrolysis. It was then adjusted to 
pH 7.0 with Ba(OH): solution. The precipitate which formed was re- 
jected, and the supernatant fluid and wash of the precipitate were com- 
bined and concentrated to 50 ml. 

This solution was then adsorbed on 25 ml. of Dowex 1-formate packed 
ina 100 ml. burette. The acid-hydrolyzable glutamic acid derivative was 
recovered from the resin by gradient elution. A gradient was developed 
by passing 2 n formic acid through 80 ml. of water in a mixing chamber 
connected to the column. 10 ml. fractions were collected. The active 
fractions (those which released ninhydrin-reactive material after 30 min- 
utes at 100° in 0.5 N HCl) were concentrated in vacuo to 0.5 ml. and lyo- 
philized. ‘The dried residue was extracted five times with 1 ml. portions 
of ethanol. The ethanol extracts were combined and concentrated to 
dryness. The residue was dissolved in 1 ml. of water and adjusted to pH 
8.5 to 9.0 with Ba(OH)., and the barium salt: was precipitated by the addi- 
tion of 6 ml. of ethanol. The precipitate was recovered by filtration and 
dissolved in 2.8 ml. of water. The solution was filtered, 1.2 ml. of ethanol 
were added to the filtrate, and the solution was stored at 5° for 16 hours. 
16.6 mg. of crystalline needles were recovered by filtration and dried in 
vacuo at approximately 0.1 mm. for 2 hours at room temperature. By this 
procedure, three batches of crystals were obtained in the form of the di- 
hydrate and one batch in the form of a trihydrate. 


N-Formylglutamic acid (dihydrate) (CsH;NO;sBa + 2H20) 
Calculated. C 20.8, H 3.20, weight loss 10.4, glutamic acid 42.6 


Identical x-ray diffraction and infrared absorption patterns were found 
for the dihydrates of both the Ba salt of synthetic N-formy]l-L-glutamate 
and the Ba salt of the isolated compound. It was concluded that the prod- 
uct was N-formyl-L-glutamic acid. 

The arylamine which remained on the Dowex 50 was recovered by gradi- 
ent elution, developed by letting 2 N H2SO, mix with 35 ml. of water in a 


2 Found by L. arabinosus assay after hydrolysis. 
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mixing flask connected to the column. The active fractions (90 ml.) were 


combined and freed of H2SO, with BaCO; and Ba(OH)e. The supernatant 


fluid and wash of the BaSO, were concentrated to 30 ml. (pH 6.5) and ad- | 


sorbed on 15 ml. of Dowex 1-acetate packed in a 50 ml. burette. The aryl- 


amine was eluted from the resin with 2 N acetic acid. The active fractions © 
were combined, the acetic acid was removed by extraction with ethy] ether, — 
and the aqueous phase was concentrated to 2.0 ml. and lyophilized. The | 
lyophilized material was extracted with ethanol (5 ml.), the extract was — 
taken to dryness, and the residue was extracted with 3 ml. of isopropanol. | 
1.0 ml. of petroleum ether was added to the isopropanol extract, and the — 


solution was stored for 40 hours at 5°. 11 mg. of slightly off-white crystal- 


line material which formed were recovered by filtration and dried for 2 — 
hours in vacuo (approximately 0.1mm.). The isolated crystalline material © 
moved on paper at the same rate as authentic PABGA (propanol-butanol- 
0.1 n HCl, 2:1:1) and in 0.1 Nn KOH possessed the ultraviolet absorption — 
pattern of PABGA. The absorption maxima of both the isolated and — 
synthetic crystalline PABGA occurred at 275 mu. The molar extinction © 


coefficient found for the isolated compound was 15.8 X 10* at 275 my as 


compared to a recorded value of 15.8 X 10? at 273 myz (11). The isolated — 
product melted at 168-170°, whereas the synthetic compound melted at © 
173-173.5°. After recrystallization of the isolated material from the same — 
solvent system, the white crystalline product obtained melted at 173-174°, | 
and the mixed melting point of the isolated and synthetic product was — 
172.5-173.5°. The melting point for synthetic PABGA (12) has been re- | 
ported as 172-173°. It was concluded that the arylamine in the reaction © 


mixture was PABGA. 

In preliminary trials with approximately equimolar amounts of CF and 
glutamic acid as substrates, loss of CF was associated with loss of almost 
equivalent amounts of L-glutamate. For example, after incubation of 3.3 
umoles of CF and 2.8 umoles of L-glutamate (under the conditions of Ex- 
periment 1, Table II), 1.45 umoles of CF and 1.30 umoles of L-glutamate 
disappeared from the reaction mixture. However, to obtain complete con- 
version of the CF present it was necessary to usea large excess of glutamate. 
This was done in the experiments of Table II. It is evident that, for each 
mole of CF which disappears, 1 mole each of formylglutamic acid and 
PABGA is formed. 

An excess of formylglutamic acid, a product of the reaction, inhibits the 
appearance of PABGA by forcing Reaction 1 toward CF synthesis. Ex- 
perimentally, this inhibition can be demonstrated in air. However, once 
the reaction has proceeded toward the formation of detectable amounts 
of THFA, reversibility on the addition of formylglutamic acid cannot be 
demonstrated in air owing to the instability of THFA to oxygen. By add- 
ing ascorbic acid to protect labile forms of folic acid which might arise, it 


1 
t 
p 
t 


SILVERMAN, KERESZTESY, KOVAL, AND GARDINER 89 


was possible to demonstrate the reversibility of the reaction and by micro- 
biological procedures to determine the nature of the folic acid compounds 


TABLE II 


Stoichiometric Relationship between CF, Formylglutamic Acid, and PABGA 


| 


A formylglutamic acid 


Experiment No | ACF | | APABGA 
| | Ninhydrin L. arabinosus assay | 
pmoles pumoles | umo es pmoles 
1 —2.51 +2.46 {| +2.39 | +2.55 
2 —31.60 +31.90 | | +30.80 


Experiment 1—The reaction mixture contained 330 uwmoles of phosphate buffer, 
pH 6.6, 2.53 wmoles of CF, 68 wmoles of glutamic acid, and 65 units of enzyme in a 
total volume of 7.0 ml. It was incubated in air at 37° for 3.5 hours. 

Experiment 2—The reaction mixture contained 1980 umoles of phosphate buffer, 
pH 6.6, 31.60 umoles of CF, 408 wmoles of glutamic acid, and 1300 units of enzyme 
in a total volume of 47.0 ml. It was incubated in air at 37° for 7 hours. 


TaBLe III 
Reversal of CF-Glutamate Reaction; Occurrence of Tetrahydrofolic Acid 
| 
: | Time of Tetra- 
ment bation | CF used | 
tamic acid formed 
| Ars. hrs. | umole umole 
| Control 0.053 
+ 5.7 umoles formylglutamic 1 0 0.000 
acid | | 
5.7 umoles formylglutamic 2 | 1 0.000 
acid | | 
2 Control | 0.033 0.032 
ni + 5.7 umoles formylglutamic 1 0 — 0.000 0.001 
acid | 
Control 2 0.056 0.047 
“4+ 5.7 umoles formylglutamic | 2 1 | 0.015 | 0.017 
acid | 


Each reaction mixture contained 167 umoles of phosphate buffer, pH 6.6, 0.145 
umole of CF, 0.85 umole of glutamic acid, and 14.8 units of enzyme in a total volume 
of 3.5 ml. 57 wmoles of ascorbic acid were added to the mixtures of Experiment 1; 
171 wzmoles of ascorbic acid were added to the mixtures of Experiment 2. The mix- 
tures were layered with mineral oil, gassed with helium, and incubated at 37°. 


in the system. The results of such trials are shown in Table III. In Ex- 
periment 1, it can be seen that (a) 0.053 umole of CF was utilized during 
the Ist hour, (b) if formylglutamic acid was added at the beginning of the 
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experiment, the utilization of CF was completely inhibited, and (c) the 
addition of formylglutamic acid after 1 hour of incubation completely re- 
versed the reaction and resulted in the resynthesis of CF in the reaction 
mixture. In Experiment 2 the ascorbic acid concentration was increased 
3-fold in order to protect the products during the subsequent manipulations 
involved in the assay procedures. The reaction rate was reduced con- 
siderably. It required 2 hours to obtain the same loss of CF as that which 
occurred in Experiment 1. Resynthesis of CF in the system was incom- 
plete, presumably owing to partial inhibition of the reaction by the ascor- 
bate. There was no evidence for the occurrence of N!°-formyl-THFA or 
anhydro-CF in the forward or reverse reactions (first and fourth lines, 
Experiment 2). However, a substance with the properties of THFA ap- 


TABLE IV 
“‘Reversal’”’ by Formylglutamtc and Formiminoglutamic Acids; Arylamine As Index 

PABGA 
umole 
a 1 hr., then 1 hr. with 5.7 wmoles formylglutamic acid. . 0.014 


The reaction mixture contained 167 wmoles of phosphate buffer, pH 6.6, 0.145 © 


umole of CF, 0.85 umole of glutamic acid, and 14.8 units of enzyme in a total volume 


of 3.5 ml. The mixtures were layered with mineral oil, gassed with helium, and | 


incubated at 37°. 


peared in amounts equivalent to, or approaching, the amounts of CF lost. 
(This substance was active for L. citrovorum when assayed aseptically in 
the presence of ascorbic acid, unstable in air, not converted to CF on auto- 
claving in ascorbic acid, and could be reconverted to CF enzymatically in 
the presence of formylglutamic acid (see the last line, Table III).) 

Direct synthesis of CF from formylglutamic acid and THFA was demon- 
strated. 5.7 umoles of formylglutamic acid and 1.0 umole of synthetic 
THFA, a gift from Dr. J. Rabinowitz, were incubated with enzyme, buffer, 
and ascorbate (for the conditions, see Experiment 1, Table III) for 90 
minutes at 37°. Under these conditions 0.32 wmole of CF was formed. 
The maximum to be anticipated was 0.5 umole since the THFA was a DL 
mixture. 

In the system involving CF and glutamic acid as substrates no require- 
ment for ATP could be demonstrated. No change in reaction rate (aryl- 
amine formation in air) could be noted in dialyzed, diluted, or Dowex 
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l-treated (13) enzyme extracts after addition of the nucleotide. After 
Dowex 1 treatment, only about 60 per cent of the original enzymatic ac- 


TABLE V 
Comparison of Formylglutamic and Formiminoglutamic Acids As ‘‘Reversing’’ Agents 
N19-Fo l- 
CF used | 
CF formed 
umole umole 
si 1 hr., then 1 hr. with 5.7 ywmoles formylglu- 
Incubated 1 hr., then 1 hr. with 5.7 pmoles formimino- 


Each reaction mixture contained 167 umoles of phosphate buffer, pH 6.6, 0.145 
pmole of CF, 0.85 umole of glutamic acid, 14.8 units of enzyme, and 57 umoles of 
ascorbic acid in a total volume of 3.5 ml. The mixtures were layered with mineral 
oil, gassed with helium, and incubated at 37°. 


TaBLeE VI 
Influence of Glutamic Acid, Glutamine, and Isoglutamine on Arylamine Formation 
PABGA formed 
Experiment 1 Experiment 2 

umole umole 
L-Glutamiec acid................... 0.069 0.071 


The reaction mixtures contained, in addition to 1.36 uwmoles of one of the above 
substrates, 167 umoles of phosphate buffer, pH 6.6, 0.145 umole of CF, and 18.0 units 
of enzyme in a total volume of 3.5 ml. The mixtures were incubated for 1 hour in 
air at 37°. No net formation of arylamine occurred when the following amino acids 
were substituted for glutamic acid: pL-leucine, pL-methionine, DL-serine, DL-alanine, 
pL-threonine, L-arginine, L-histidine, L-lysine, pL-isoleucine, DL-aspartic acid, 
L-asparagine, glycine, L-cystine, pL-norleucine, L-tyrosine, pL-tryptophan, pDL- 
phenylalanine, pL-valine, L-hydroxyproline, or p-glutamic acid. 


tivity was recovered. No losses in activity were observed after dialysis at 
0°. 

Under aerobic conditions, both formylglutamic and formiminoglutamic 
acids effectively inhibit the release of PABGA. Both reverse the ap- 
pearance of the arylamine in a test system incubated under helium and oil 
(Table IV). The folate derivatives which occur after reversal differ with 
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the two reversing agents employed (Table V). With formylglutamic acid, | 
only CF is formed. If formiminoglutamic acid is used, the bulk of the © 
folate activity can be accounted for by the presence of N’°-formyl-THFA | 


and anhydro-CF. 

The reaction between CF and glutamic acid is quite specific with respect 
to substrates. As reported previously (1), N’°-formylfolic acid is not reac- 
tive. Anhydro-CF (N5-N!° bridge compound)’ showed from 0 to 10 per 
cent of the activity of CF in various trials. 


Glutamic acid can be replaced by glutamine and isoglutamine (Table | 
VI), but the rate of the reaction is only about one-fifth of that with glu- | 
tamic acid, and the reaction may depend on the prior conversion of the | 


amides to glutamic acid. Before it can be concluded that either of the 
amides has been formylated, the reaction products must be isolated and 
characterized. 
DISCUSSION 
All of the data are in accord with the transferal of the N*-formyl] group 


of CF to glutamic acid to form formylglutamic acid and THFA. We have ~ 
shown previously that THFA is markedly unstable in air and undergoes — 
non-enzymatic cleavage to PABGA and a pteridine (6). Thus the occur- — 


rence of PABGA is an index of the THFA formed. 


Tabor and Mehler (3) have observed that formylglutamic acid appeared | 
as a product of metabolism of histidine by Pseudomonas fluorescens. In | 
the CF-glutamic acid reaction, formylglutamic acid arises as the result of | 


the transfer of the N°-formy] group of CF to glutamic acid. 


Recently emphasis has been placed on the involvement of N!°-formyl- | 


THFA and anhydro-CF in transformylations (15-17). No evidence has 
been found for the intermediate participation of these two compounds in 
the CF-glutamic acid reaction. 

The occurrence of N!°-formy]l folate compounds resulting from the in- 
teraction of folic or reduced folic acid derivatives and formiminoglutamic 
acid in the presence of suitable liver preparations has already been noted 
(18-20). The data of Rabinowitz and Pricer (21) and Tabor and Rabino- 
witz (22) concerned with formimino transfer from formiminoglycine (bacte- 
rial preparations) and formiminoglutamic acid (liver preparations) strongly 
suggest that the formation of N*-formimino-THFA and anhydro-CF pre- 
cedes the formation of the N’°-formy] folate derivatives. 

It is of interest that, in the transformylation involving glutamic acid as 
an acceptor for the N*5-formyl group, no requirement for ATP could be es- 
tablished. Miller and Waelsch (19) have observed that the formylation 


3 Under the test conditions, anhydro-CF and N!°-formyl-THFA are in equilibrium 
with one another (14). 
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of folic acid by formiminoglutamic acid with liver preparations likewise 
does not require ATP. In contrast, Greenberg et al. (15, 23) have shown 
that the formylation of THFA by formic acid requires ATP. Some light 
on the above relationship is shed by the findings of Rabinowitz and Pricer 
(24) that, in the conversion of N!°-formyl-THFA to formic acid and THFA, 
ATP can be generated. What bearing these findings of Rabinowitz and 
Pricer have on the transformylations involving CF and glutamic acid re- 
mains to be established. 


SUMMARY 


An enzyme from hog liver that catalyzes the transfer of the N*-formy] 
group of citrovorum factor to glutamic acid has been purified approximately 
400-fold. N-Formylglutamic acid and tetrahydrofolic acid are the prod- 
ucts of the reaction. The reaction is readily reversible. The p-amino- 
benzoylglutamic acid found in the reaction mixture arises from the non- 
enzymatic cleavage of tetrahydrofolic acid. No evidence could be found 
for the involvement of N!°-tetrahydrofolic acid or adenosine triphosphate 
in this transformylation reaction. 


The authors are indebted to Mr. H. F. Byers for determining the infra- 
red absorption patterns, to Dr. N. E. Sharpless for the x-ray diffraction 
patterns, to Dr. J. Greenstein for gifts of p-glutamic acid and L-isogluta- 
mine, to Dr. H. Tabor for a gift of L-isoglutamine, and to Dr. W. C. Alford, 
under whose direction the elementary analyses were performed. 
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VITAMIN By, AND FOLIC ACID IN RELATION TO METHIONINE 
SYNTHESIS FROM BETAINE IN VIVO AND IN VITRO* 


By JAKOB A. STEKOL, SIDNEY WEISS, ETHEL I. ANDERSON, 
PENG TUNG HSU, ann ALICE WATJEN 


(From the Lankenau Hospital Research Institute and The Institute for Cancer 
Research, Philadelphia, Pennsylvania) 


(Received for publication, October 11, 1956) 


Previous data from this laboratory indicated that rats (1) or chicks (2), 
which were maintained on diets deficient in vitamin By, were able to utilize 
the radiomethyl group of methionine for the synthesis of choline and 
creatine to the same extent as the normal control animals. Apparently, 
vitamin By: or its physiological derivative is not involved in the enzymatic 
mechanisms which are concerned with transmethylation reactions from 
methionine to choline or creatine. Administration of betaine-CH;-C" to 
vitamin By.-deficient rats or chicks (1, 2) resulted in incorporation of the 
C4 of betaine into choline and creatine in amounts which were compara- 
ble to those obtained in vitamin By-fed animals. Vitamin By:-deficient 
chicks (2) grow slowly on a deficient diet containing homocystine and show 
improvement with the addition of either vitamin By, or betaine. Similar 
results were also obtained on turkey poults (3). Ample evidence, obtained 
in vivo and in vitro, is available in support of the contention that the methy] 
group of betaine is transferred to choline or creatine via the intermediate 
formation of methionine. Our data (1, 2) with radiobetaine were, there- 
fore, interpreted to mean that vitamin By or its physiological derivative is 
not involved in the enzymatic transfer of the methyl group of betaine to 
methionine. 

This interpretation of our data was not in accord with earlier reports 
(4, 5) on reduced synthesis of methionine from betaine and homocysteine 
by homogenates of livers of vitamin Bi:-deficient rats and with a more 
recent report by Ericson e al. (6) on the same subject. The latter workers 
also produced evidence that the low protein content of the diet has a detri- 
mental effect on the concentration of apoenzyme of the betaine-homocys- 
teine transmethylase system. These workers (7) claimed to have resolved 


* The work was supported by grants from the National Cancer Institute, United 
States Public Health Service, and the United States Atomic Energy Commission, 
and by an institutional grant from the American Cancer Society. We are grateful 
to Dr. H. W. Howard of The Borden Company for partial support of the work on the 
chicks. All isotopic materials were obtained on allocation through the United States 
Atomic Energy Commission. We are also grateful to Merck and Company for a lib- 
eral supply of amino acids and vitamin By». 
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betaine-homocysteine transmethylase to a coenzyme and an apoenzyme 


fraction, but the nature of the coenzyme fraction of this system remained | 
obscure. Other workers (8), however, failed to resolve betaine-homocys- © 


teine transmethylase, and neither vitamin By nor folic acid appeared to be 


involved in the mechanism of synthesis of methionine from betaine and — 


homocysteine by this enzyme. 


The present report is concerned with the extent of utilization of betaine- — 
CH;-C* for the synthesis of tissue methionine in vivo and in vitro by rats, — 
mice, and chicks which were fed diets of various protein content and which | 
were deficient in vitamin By: or folic acid. Data are also presented on | 
the relative efficiency of choline and betaine for the synthesis of methionine © 
in vivo in the three species. The possible role of vitamin By in the reduc- | 
tion of homocystine to homocysteine zn vivo has also been ascertained by | 
the tracer technique. Preliminary accounts of various phases of this work — 


have been presented (9). 


EXPERIMENTAL 


Albino rats, originally of Wistar or Carworth strains, and mice of C3H, — 
Swiss ICR, dba, and A strains were born and raised in the laboratory. 3 — 
day-old chicks of barred Plymouth Rock X New Hampshire strain were — 
purchased. The composition of the casein diet which was fed to rats and | 


mice was previously described (1). The composition of the amino acid 
mixture diet has also been described (10). The chick diet was the same 
as that previously employed (3). The rats and mice were kept from wean- 


ing age (27 to 30 days) on the vitamin By:-deficient diet for 6 to 9 months — 
and on a similar diet, but free of folic acid, for 3 to 4 months. The chicks | 


were fed a vitamin B,:-deficient diet for 5 weeks. 

Tracer Studies—In experiments on whole animals betaine-CH;-C" in wa- 
ter was injected intraperitoneally in a single dose, the animals were sacri- 
ficed 4 or 20 hours later, the hides were discarded, the carcasses from each 


group of animals were pooled and homogenized, the fat and phospholipides | 


were extracted with boiling ethanol and ethyl ether, and the extracted 
material was reextracted with boiling saline solution, then with hot 5 per 
cent trichloroacetic acid, followed by ethanol and ethyl ether. Methionine 
was isolated from the acid hydrolysate of this material as methionine 
methylsulfonium bromide (11) and assayed for radioactivity. A Geiger- 
Miiller counter with an open mica window of 0.7 mg. per sq. cm. was 
employed. The accuracy of the assay was +5 per cent. In studies in 
vitro the livers were homogenized in Ringer-phosphate, containing Mgt, 
pH 7.4, and incubated aerobically together with radiobetaine and homo- 
cysteine for 2 hours at 37°. At the end of the incubation period, 1 mmole 
of t-methionine was added to the digest, followed by trichloroacetic acid 


jm 
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to the final concentration of 5 per cent with respect to the acid. The mix- 
ture was filtered. Enough HCl was added to the filtrate to make the acid 
concentration 1 N, and a water solution of phosphotungstic acid was added. 
A small amount of the precipitate which formed was removed and dis- 
carded. Excess phosphotungstic acid in the filtrate was exactly removed 
by the addition of 1 m solution of tetraethylammonium bromide. From 
the filtrate methionine was isolated as methionine methylsulfonium bromide 
(11) and assayed for radioactivity. From the specific activity of the iso- 
lated product and the known amount of carrier methionine added to the 
digests, the total activity found in methionine was calculated. The results 
on whole animals were expressed in terms of standard specific activity, 
which is the ratio of the specific activity of isolated methionine to the 
specific activity of the radiocompound injected divided by the dose of the 
compound injected in millimoles per 100 gm. weight of the animal. 

Betaine-CH;-C" was prepared from dimethylglycine and methy] iodide- 
C4 (12), and choline-CH;3-C" was obtained from Dr. B. M. Tolbert of the 
Radiation Laboratory, University of California at Berkeley, through the 
Atomic Energy Commission. Methionine-CH;-C™ was synthesized from 
homocystine and radiomethy] iodide (13), and methionine-2-C" was ob- 
tained from Tracerlab, Inc. Homocystine-2-C' was prepared from 
methionine-2-C" (14) and homocysteine-2-C" from homocystine-2-C" by 
reduction with Na in liquid ammonia (15). <All radiocompounds were 
chromatographically pure. 


RESULTS AND DISCUSSION 


The data in Table I show that the deficiency in vitamin By or in folic 
acid in rats, mice, or chicks did not reduce the extent of incorporation of 
C4 of the radiomethy] group of betaine into tissue methionine. It will be 
noted from the data that, whenever the limiting factor of the nutritional 
value of the diet was homocystine, the extent of methionine synthesis from 
betaine was reduced, regardless of the presence of vitamin B:: or folic acid 
in the diet. Ericson et al. (6) have suggested that the casein diet 
which we fed to our vitamin By,:-deficient rats (1) was too low in protein, 
and hence the small effects of vitamin By. deficiency could not be demon- 
strated because methionine synthesis was limited by the concentration of 
apoenzyme of betaine-homocysteine transmethylase and not by the co- 
factor. Aside from the fact that betaine-homocysteine transmethylase 
could not be resolved into a cofactor and apoenzyme (8), the data in Table 
I do not demonstrate any appreciable effect of deficiency in vitamin By. 
or folic acid on methionine synthesis from radiobetaine, regardless of the 
protein content of the diet. The improvement of growth of chicks on the 
homocystine-containing diet on addition of vitamin By could thus be 


me 
ned 
ys- 
» be 
and 
ne- 
ats, 
‘ch 
on 
ine 
uc- 
by 
ork 
3 
ere 
nd 
id 
e 
in- 
hs 
ks 
| 
ri- | 
ch 
ies 
ed 
er 

ne 
as 
in 

? 
O- 
le 
id 


98 METHIONINE SYNTHESIS 


ascribed to an improvement in de novo synthesis of the methyl group of . 


methionine (2), particularly from the a-carbon of glycine (16) and, perhaps, 
to other factors as well. A similar improvement of growth of chicks on 


the homocystine-containing diet, free of vitamin By, on addition of betaine ) 
(2) can thus be ascribed to adequate synthesis of methionine from homo- | 
cysteine and betaine, a conclusion which is strongly supported by the | 


present data. 


TaBLeE I 


Effect of Deficiency in Vitamin By or Folic Acid on Tissue Methionine Synthesis 
from Betaine-CH;-C'* in Rats, Mice, and Chicks* 


| Standard specific activity 
| of methionine X 100 
Animal Strain Diet Supplement to diet 
Folic | Vitamin 
Normal |acid-de-| B:2-de- 
| ficient | ficient 
| per cent 
Rat | Casein 2.56 | 3.00 | 2.91 
e: Amino acids 1.40 | 1.23 | 1.36 
| is wad Homocystine, 0.7 3.66 | 3.88 | 3.92 
Mouse C3H | Casein 2.85 | 2.64 | 2.48 
me Swiss | ts 3.10 | 3.00 | 3.12 
dba 2.92 | 2.86 | 2.88 
A | 3.22 | 3.10 | 3.24 
Chick | a-Protein 4.00 | 4.30 | 4.40 
| 0.3 7.40 | 7.60 | 7.20 


* Methionine was isolated from pooled carcasses of three rats, ten mice, and three 
chicks from each group on the respective diets. 1.5 X 10-2 to 3 X 10°? mmole of 
radiobetaine per 100 gm. weight was injected in a single dose intraperitoneally. 
Rats and chicks were sacrificed 20 hours and mice 4 hours after the injection of radio- 
betaine. For the definition of ‘‘standard specific activity”’ see the text. 


The data in Table II indicate that the only limiting factor in the synthe- 
sis of methionine from betaine and homocysteine by unfortified homoge- 
nates of livers of rats, which were deficient in vitamin By, or folic acid, is 
homocysteine. These results are consistent with the data obtained on 
whole animals. 

Racker (17) has described a preparation from rat liver which reduced 
homocystine to homocysteine and utilized the hydrogen of glutathione 
in the transhydrogenation reaction. Racker (17) has further shown that 
vitamin Bye is not involved as a cofactor in methionine synthesis from 
betaine and homocystine in the presence of glutathione transhydrogenase 
and betaine transmethylase systems. Thus, vitamin By was ruled out as 
a factor in reduction of homocystine to homocysteine zn vitro. In support 
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| of Racker’s (17) conclusion, the data in Table III show that the extent of 


incorporation of radiohomocystine and radiohomocysteine into tissue 


_ methionine of vitamin By»:-deficient rats was the same, although both com- 


TABLE II 


Synthesis of Methionine from Betaine-CH;-C'+ and Homocysteine by Homogenates 
of Livers of Rats Deficient in Vitamin By or Folic Acid* 


| Total activity 
Diet Additions to homogenate recovered in free 
methionine 
c.p.m. 
Normal | Betaine-CH;-C! 20, 100 
| + homocysteine 44,000 
Vitamin B,2-free 19,600 
| + homocysteine 48 , 200 
Folie acid-free | = 18, 306 
| + homocysteine 51,000 


*14 gm. of liver homogenate in 100 ml. of Ringer-phosphate buffer, pH 7.4, 64 


- ymoles of radiobetaine, 128 wmoles of pL-homocysteine. Total counts per minute 


in betaine, 2.08 X 10°. Incubated aerobically for 2 hours at 37°. 1 mmole of non- 
isotopic L-methionine was added to the homogenates after 2 hours of incubation, 
followed by trichloroacetic acid. Methionine was isolated from the filtrates as 
methionine sulfonium bromide. 


TABLE III 


Synthesis of Tissue Methionine from Homocystine-2-C' or Homocystetne-2-C"' 
in Intact Normal or Vitamin B2-Deficient Rats* 


Standard specific activity of methionine X 100 
Isotope 
Normal Vitamin Bi2-deficient 
Homocystine-2-C™. | 14.50 11.00 
13.70 | 10.00 
19.50 21.00 
Methionine-CH;-C™........................ 9.60 | 10.60 


* Approximately 1.5 XK 10-2? mmole of radiocompounds per 100 gm. weight was in- 
jected in a single dose intraperitoneally, and the animals were sacrificed 20 hours 
later. Methionine was isolated from pooled carcasses of the respective groups. 


pounds were incorporated into tissue methionine of normal rats in appre- 
ciably greater amounts. The lowered extent of synthesis of methionine 
from homocystine and homocysteine in deficient rats indicates the proba- 
bility of lowered de novo synthesis of the methyl group of methionine. This 
suggestion is consistent with the observed lowered de novo synthesis of 
methyl groups of choline or methionine from the a-carbon of glycine in 
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rats (16), mice and chicks (18), swine (19), turkey poults (20), and a 
protozoan (21). The rather significant difference in the extent of incor- 
poration of methionine-2-C" and methionine-CH;-C" into tissue proteins 
under identical dietary conditions is probably a reflection of the extent of 
replacement of the radiomethy] group of methionine in vivo by the non- 
isotopic methyl group which was synthesized de novo prior to the incorpora- 


tion of methionine into tissue proteins. This is accomplished not neces- 


TABLE IV 


Comparative Efficiency of Choline-CH;3-C4 and Betaine-CH;-C™ in Incorporation 
of Radiomethyl Group into Tissue Methionine of Normal Rats, 
Mice, and Chicks* 


Standard specific 
Anima] Strain Isotope activity of 
methionine X 100 
Rat Betaine-CH;-C4 2.56 
| Choline-CH;-C4 0.26 
Mouse C3H | Betaine-CH;-C™* 2.85 
Swiss | 3.10 
dba | 2.92 
A | 3.22 
C3H Choline-CH;-C!* 0.30 
| Swiss | | 0.28 
| dba | | 0.32 
| | 0.83 
Chick | | Betaine-CH;-C™ | 7.40 
| | Choline-CH;-C" | 2.12 


| 

* Rats and mice were maintained on a complete casein diet for 6 to 9 months, 
and chicks were maintained for 5 weeks on the a-protein diet supplemented with 
homocysteine, dimethylaminoethanol, glycine, and all the vitamins. For the de- 
tails on the diets see Stekol et al. (1,2). 1.5 X 10°? to3 X 10°? mmole of radiocom- 
pounds per 100 gm. weight was injected in a single dose intraperitoneally. Rats 
and chicks were sacrificed 20 hours and mice 4 hours after the injection of the iso- 
topes. For the number of animals used see the footnote to Table I. 


sarily via a process of exchange of methyl] groups, but via demethylation 
of methionine to homocysteine and reutilization of homocysteine in the 
synthesis of methionine from 1-carbon precursors. Recent data in vitro 
(22) support this interpretation. 

Table IV shows data on the relative efficiency of radiocholine and radio- 
betaine in the synthesis of tissue methionine in normal rats, mice, and 
chicks. The extent of incorporation of the radiomethyl group of betaine 
into methionine was 3.5 (in chicks) to 10 times (in rats and mice) greater 
than that of the radiomethyl group of choline. As was mentioned pre- 
viously (1, 2), this result may have been a reflection of differences in the 
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extent of dilution of radiocholine and radiobetaine by body choline and 
betaine, respectively. The injected tracer doses of radiocholine are indeed 
rapidly and extensively incorporated into the phospholipides of rats and 
chicks (1, 2), thereby becoming “diluted.” It appears that subsequent 
release of choline for methionine synthesis depends on the rate at which 
phospholipide choline becomes available for betaine formation by the action 
of “choline oxidase” systems. The effectiveness of these systems in con- 
verting choline to betaine in intact animals is also a factor in the relative 
efficiency of choline and betaine in methionine synthesis. Consideration 
of these facts and of data in Table IV forces the conclusion that betaine is 
more immediately available for methionine synthesis zn vivo than choline, 
a conclusion which is in accord with results obtained in vitro (23). 

It could be thus concluded that vitamin B, is not involved in the reduc- 
tion of homocystine to homocysteine or in transmethylation reactions to 
orfrom methionine. Folic acid also is not involved in methionine synthesis 
from betaine and homocysteine. A decreased incorporation of the radio- 
methyl group of methionine or betaine into tissue choline of rats and mice 
was observed in folic acid-deficient animals (1, 18). We attributed this 
result, however, not to the involvement of folic acid in transfer reactions 
from methionine to choline, but to the involvement of a derivative of folic 
acid in the de novo synthesis of the acceptor of the methyl group of methi- 
onine to form choline (1). This acceptor appears to be dimethylamino- 
ethanol, since preliminary data on whole animals (24) and on liver slices 
(25) indicated an inhibition by deficiency in folic acid of synthesis of 
dimethylaminoethanol and not of transfer of methyl group of methionine 
to dimethylaminoethanol. A more detailed account of these results will 
be presented at a later date. 


SUMMARY 


The extent of transfer of the radiomethyl group of betaine to tissue 
methionine in vitamin B,.- or folic acid-deficient rats, mice, or chicks was 
the same as that in normal control animals. Liver homogenates of rats 
deficient in vitamin By or folic acid synthesized the same amounts of 
methionine from radiobetaine and homocysteine as liver homogenates of 
normal rats. Vitamin By2-deficient rats synthesized the same amounts of 
tissue methionine from radiohomocystine or radiohomocysteine, indicating 
that vitamin By is not concerned with reduction of homocystine to homo- 
cysteine in vivo. The radiomethyl group of betaine is incorporated into 
tissue methionine of normal mice, rats, and chicks to a considerably greater 
extent than the radiomethy! group of choline. Under the experimental 
conditions employed, the present data and those reported earlier rule out 
vitamin By and folic acid as cofactors in transmethylation reactions to or 
from methionine. 
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OXIDATION OF ACETYLDEHYDROTYROSINE BY 
ESCHERICHIA COLI* 


By GEORGE TABORSKY,? PETER S. CAMMAR AND 
JOSEPH 8S. FRUTON 


(From the Department of Biochemistry, Yale University, New Haven, Connecticut) 
(Received for publication, September 18, 1956) 


In a previous communication (1), it was reported that acetyldehydro- 
tyrosine (I) is metabolized by growing cultures of Escherichia coli (strain 
K-12), and that a substance (Cjo9H;,0O4N) can be isolated from acidified 
culture media after the cessation of bacterial growth in the presence of the 
acetyldehydroamino acid. In the present report, data are presented in 
favor of the view that the isolated substance (‘“‘compound X”’) is N-acetyl- 
p-hydroxymandelic acid amide (II). It has also been found that the char- 


OH OH 
| | 
N 

CHOH 
| 

CH; CONH—C—COOH CH;CONH—C=0 
(I) (II) 


acteristic absorption maximum of acetyldehydrotyrosine at 305 my (1) 
disappears in the presence of either lyophilized preparations of FH. coli, or 
culture filtrates, and that this effect depends on the presence of nitrate in 
the original culture medium. Further work has shown that compound X 
is formed by the action of nitrite (presumably arising by the action of the 
bacterial nitrate reductase) on acetyldehydrotyrosine in acid solution. 
Isolation of Compound X—To 2 liters of minimal medium (2, 3), a solu- 
tion of 400 mg. (1.67 mmoles) of acetyldehydrotyrosine (4) in 16.7 ml. of 
0.1 m sodium bicarbonate was added, and the solution was autoclaved. 


. * This study was aided by grants from the National Science Foundation and the 
Rockefeller Foundation. Most of the data in this paper are taken from the disserta- 
tion presented by George Taborsky to the faculty of the Graduate School of Yale 
University in partial fulfilment of the requirements for the degree of Doctor of Philos- 
ophy. 

t Lalor Foundation Fellow, 1954-55; Sterling Fellow, 1955-56. Present address, 
Carlsberg Laboratory, Copenhagen, Denmark. 
t Present address, G. D. Searle and Company, Skokie, Illinois. 
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104 OXIDATION OF ACETYLDEHYDROTYROSINE 


After inoculation with 10 ml. of a suspension of FZ. coli, strain K-12 (about 


6 X 108 cells), harvested from a fresh 24 hour slant culture (5), the culture | 


was incubated at 30° for 24 hours. A 10 ml. sample was then removed, 
acidified with 2 ml. of 20 per cent trichloroacetic acid, and filtered, and the 
filtrate was diluted to 250 ml. with water. Spectrophotometric examina- 
tion (Beckman spectrophotometer, model DU) of this diluted filtrate 
showed that the absorbance at 305 my had decreased by 96 per cent (cor- 
rected for the absorbance of a filtrate obtained from a control culture grown 
in the absence of acetyldehydrotyrosine). The remainder of the 2 liter 
incubation mixture was acidified with hydrochloric acid to Congo red 
acidity, concentrated to 100 ml. under reduced pressure, and filtered 


through lilter-Cel, and the filtrate was extracted with ten successive 75 | 


ml. portions of ethyl acetate. The ethyl acetate extract was concentrated 
under reduced pressure, and the solid residue was dissolved in 20 ml. of 
water. After treatment with Norit, the aqueous solution was concentrated 
to a volume of 4 ml. and chilled. Crystals (207 mg.) were obtained; m.p., 
92.8-94.6°. In other preparations by the procedure described above, the 
yields were between 170 and 240 mg., and the melting points of the isolated 
material were in the range 92-96°. After recrystallization from water, the 
‘melting points of all preparations were in the range 95-97°. On analysis, 
a recrystallized sample was found to contain 52.5 per cent carbon, 6.0 per 
cent hydrogen, 5.9 per cent nitrogen (Kjeldahl), 19.0 per cent acetyl, and 
7.5 per cent H.O (loss in weight over P.O; in vacuo at 78°). These analyti- 
cal data agree satisfactorily with the empirical formula C,9H1,0O,N -H.0 
(theory, carbon 52.86 per cent, hydrogen 5.77 per cent, nitrogen 6.17 per 
cent, acetyl 18.94 per cent, water 7.9 per cent). The anhydrous material 
melted at 133-135°, in agreement with the value reported previously (1). 
Compound X does not exhibit optical activity. Because of its lability, 
attempts to determine the molecular weight of compound X were unsuc- 
cessful, and it has been assumed that the formula weight of the monohy- 
drate (227.2) is the same as the molecular weight of the isolated compound. 

The absorption spectrum of compound YX in acid solution (pH 2) ex- 
hibits a maximum near 273 my (molar absorbance, 1250),! in agreement 
with earlier data (1); however, in the earlier study, the shoulder near 280 
my was not detected (cf. Fig. 1). In alkaline solution (pH 11), a peak is 
observed at about 288 mu (molar absorbance, 2300), as reported previously 
(1); in addition, an absorption maximum near 248 my (molar absorbance, 
10,200) is present. 

The analytical data, melting points, and absorption spectra of prepara- 


1 Molar absorbance is defined as observed absorbance (logio Jo/J) times the gm. 
molecular weight, divided by the product of the concentration (in gm.) and the cell 
thickness (in cm.). 
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tions of compound X isolated in the present study indicate the identity of 
this material with the product described previously (1). The fact that 
compound X is indeed derived from the acetyldehydrotyrosine present in 
the medium is shown by an experiment in which N!-labeled acetyldehy- 
drotyrosine (6), having 32.3 atom per cent excess N!®, was used. The sam- 
ple of compound _ X, isolated by the procedure outlined above, was found to 


MOLAR ABSORBANCE x I0* 


240 260 280 300 320 340 
WAVE LENGTH (mx) 


Fic. 1. Absorption spectra of compound X at pH 2 (Curve A) and at pH 11 (Curve 
B). 


have an isotope concentration of 31.4 atom per cent excess N'®. It may be 
concluded therefore that, in the transformation to compound X, the nitro- 
gen of acetyldehydrotyrosine was not diluted appreciably by the large 
amounts of nitrogen present in the medium (2) as ammonium salts; ni- 
trates, and asparagine. 

Chemical Degradation of Compound X—On mild hydrolysis by acid, com- 
pound X liberates ammonium ions. A solution of 43.6 mg. of compound 
X in 16 ml. of n hydrochloric acid was kept at 38°, and 0.2 ml. samples 
were withdrawn at 25, 48, and 73 hours for ammonia determinations by the 
Conway procedure (7). The amounts of NH,* liberated during these time 
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intervals corresponded to 61, 78, and 88 per cent, respectively, of the total _ 


N in compound X. 


Although a solution of compound _X did not react to a measurable extent 
with alkaline periodate (8), a sample of the 73 hour acid hydrolysate (corre- _ 
sponding to 41.9 mg. of compound X) consumed 0.83 equivalent of HIOQ, 
per equivalent of compound X hydrolyzed. Under the same conditions — 
(4 hours at room temperature), tartaric acid reacted with periodate to an _ 
extent of 104 per cent of the theory, p-hydroxy-pL-mandelic acid (9) to 81 
per cent, and p-hydroxy-pL-mandelic acid amide to 5 per cent. These _ 
results and the data on ammonia liberation are in accord with the hypoth- | 


esis that compound X is a derivative of p-hydroxymandelic acid amide. 


Further evidence in favor of this conclusion was obtained by alkaline | 


degradation of compound XY. A solution of 22.7 mg. of the compound in 
30 ml. of 0.9 N sodium hydroxide was kept at room temperature for 49 


hours, then acidified to pH 2 with 5 nN hydrochloric acid, and immediately | 
extracted with twenty-five successive 10 ml. portions of ether. Concentra- | 
tion of the ether extract gave a residue (7 mg.) which melted at 78-82°; | 


the melting point of p-hydroxy-pL-mandelic acid has been reported to be 
82-84° (9). The absorption spectrum of an aqueous solution (pH 7) of the 
product exhibited maxima at 226 and 274 my, in reasonable agreement with 
the spectrum of an authentic sample of p-hydroxy-pL-mandelic acid (227 
and 276 my (10)). Like the authentic material, the product obtained from 
the ether extract of the alkaline hydrolysate gave an insoluble lead salt 
(11). 

To establish further the presence of p-hydroxymandelic acid in hydroly- 
sates of compound X, a sample of the periodate-treated acid hydrolysate 
(corresponding to 31.1 mg. of compound X) was extracted with fifteen 10 
ml. portions of ether. Concentration of the ether extract gave a solid 
residue, which was dissolved in 10 ml. of water. At pH 4.8, the absorption 
spectrum of the aqueous solution exhibited a maximum at 282 my; at pH 
7.3, two maxima at 286 and 332 mu were observed. Identical spectra were 
given by aqueous solutions (pH 4.8 and 7.3) of an authentic sample of 
p-hydroxybenzaldehyde, the expected product. From the aqueous solu- 
tion (8.6 ml.) of the ether extract, a 2,4-dinitrophenylhydrazone (yield, 
5.7 mg.) was prepared; the melting point after one recrystallization was 
266-275° (decomposition). An authentic sample of the 2 ,4-dinitrophenyl- 
hydrazone of p-hydroxybenzaldehyde melted at 276-278° (decomposition). 
Paper chromatography (Whatman No. 1 paper), with aqueous n-butanol 
as the solvent, gave one spot with an R, value of 0.86 for the isolated 2 ,4- 
dinitrophenylhydrazone, as compared with 0.85 for the authentic material. 

Chromatographic Behavior of Compound X—The chromatographic be- 
havior of compound _X also is consistent with the view that it is an acety! 
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derivative of p-hydroxymandelic acid amide. A freshly prepared aqueous 
solution of compound X, on being applied to Whatman No. | paper, and 
with n-butanol-acetic acid-water (4:1:1) as the solvent, exhibits one spot 
(Ry 0.74) upon treatment of the chromatogram with the spray developed 
by Rydon and Smith (12). This reagent permits the visualization of com- 
ponents with CO—NH groups. On the other hand, if the aqueous solution 
of compound _X is kept at room temperature for several days before chroma- 
tographic examination, two spots (Rr 0.56 and 0.73) are observed. The 
identity of the component of Rr 0.56 with p-hydroxymandelic acid amide is 
indicated by the fact that an authentic sample of this substance has an Rr 
of 0.55. The difference between the chromatographic behavior of freshly 
prepared aqueous solutions of compound X, and of aqueous solutions that 
have been allowed to stand, suggests that on storage a portion of the dis- 
solved compound is hydrolyzed to form p-hydroxymandelic acid amide and 
acetic acid. 

— Reaction of Compound X with Hydroxylamine—If it is assumed that com- 
pound X is an acetyl derivative of p-hydroxymandelic acid amide, three 
possible sites of attachment of the acetyl] group may be considered: the 
phenolic hydroxyl, the aliphatic hydroxyl, the amide nitrogen. Of these, 
the phenolic hydroxy] appears to be excluded because compound X reacts 
with ferric chloride and other reagents characteristic of phenols (1). The 
location of the acetyl group on the nitrogen atom is probable because 
acetyldehydrotyrosine has an acetamino group, although the possibility of 
acyl migration during the transformation or in the isolation procedure can- 
not be excluded. 

As a diacylamide, \-acetyl-p-hydroxymandelic acid amide may be ex- 
pected to be an acylating agent (13,14). To test the possibility that com- 
pound X may be a diacylamide, its reaction with hydroxylamine (15) as 
modified by Polya and Tardew (16) was examined. To a mixture of 1 
ml. of 4 m hydroxylamine hydrochloride and | ml. of 3.4 mM sodium hydrox- 
ide, there were added 1.8 ml. of 0.1 M acetate buffer (pH 5.4), 2 ml. of the 
test solution, and 0.2 ml. of 3.5 m sodium hydroxide, in that order. The 
solution was stirred and allowed to stand at room temperature for 2 min- 
utes, and 1 ml. of each of the following reagents was added: 2.5 ~ hydro- 
chloric acid, 12 per cent trichloroacetic acid, and 5 per cent FeCl; in 0.1 N 
hydrochloric acid. The absorbance at 550 mu was determined 5 minutes 
later by means of a Bausch and Lomb monochromatic colorimeter. At a 
concentration of 0.0025 m, solutions of acetamide, p-hydroxymandelic acid 
amide, and ethyl acetate gave rise to the formation of little or no hydrox- 
amic acid, whereas compound YX reacted with hydroxylamine toa considera- 
ble extent; the absorbance found (0.188) corresponds to approximately 75 
per cent of that obtained by treatment of an equivalent amount of acetic 
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anhydride with hydroxylamine. In order to demonstrate a reaction with 
acetamide, higher concentrations of this substance were required, or the 
reaction mixture had to be heated (15). Compound X does not react rap- 
idly with hydroxylamine under the conditions employed by Lipmann and 
Tuttle (15) for the estimation of acid anhydrides. As with known diacyla- 
mides (16), the reactivity of compound XY with hydroxylamine is inter- 
mediate between that of acid amides and esters at one extreme and that of 
acid anhydrides at the other. 

Attempted Synthesis of Compound X—The lack of optical rotation of com- 
pound X, when considered in relation to the magnitude of rotation ex- 
hibited by optically active derivatives of mandelic acid, suggested that 
compound X is a racemate. The synthesis of N-acetyl-p-hydroxy-DL- 
mandelic acid amide was undertaken, therefore, in order to examine the 
possibility that this substance is identical with compound X. The route 
chosen for synthesis involved the preparation of O,O’-dicarbobenzoxy-p- 
hydroxy-bL-mandelic acid amide from p-hydroxy-pL-mandelic acid amide, 
obtained by ammonolysis of the corresponding ethyl] ester (9). Although 
a satisfactory sample of the dicarbobenzoxy amide was obtained, attempts 
to acetylate it by means of acetyl! chloride and pyridine (17) or of acetic 
anhydride (18) failed to give the desired diacylamide. At present, there- 
fore, the question of the identity of compound X with N-acetyl-p-hydroxy- 
pL-mandelic acid amide has not been answered definitively through syn- 
thesis. It should be added, however, that the absorption spectrum of 
p-hydroxymandelic acid amide exhibited maxima at pH 2 at 274 my (molar 
absorbance, 1380) and at pH 11 at 248 and 288 my (molar absorbance 
10,400 and 2620, respectively). These values are almost identical with 
those observed for compound YX. 

p-Hydroxy-p.L-mandelic acid amide was prepared by treatment of 2 gm. 
of the corresponding ethyl ester (9) with 8 gm. of ammonia in 50 ml. of 
absolute methanol for 3 days at room temperature. The solution was con- 
centrated to dryness, the residue was dissolved in 10 ml. of water, and the 
solution was treated with charcoal. Upon chilling the solution overnight, 
1.8 gm. of crude product separated and were recrystallized from water. 
The material isolated is a monohydrate; Kjeldahl analysis gave a value of 
7.4 per cent nitrogen (calculated for CsH,O3N - HO, 7.6 per cent nitrogen). 
After being dried at 78° in vacuo over P2O;, the substance melted at 146- 
147°. On analysis, the dried sample was found to contain 57.5 per cent 
carbon, 5.55 per cent hydrogen, and 8.1 per cent nitrogen; calculated for 
CsH,O3N, 57.5 per cent carbon, 5.4 per cent hydrogen, 8.4 per cent nitro- 


gen. 
The dicarbobenzoxy compound was prepared by treatment at 0° of a 
solution of 1.5 gm. of the above amide in 15 ml. of tetrahydrofuran with 


| 

S 
t 
\ 
t 
p 
Z 
r¢ 
a 
p 


G. TABORSKY, P. S. CAMMARATA, AND J. S. FRUTON 109 


5.30 gm. of benzyloxycarbonyl chloride in 10 ml. of tetrahydrofuran and 
3.59 gm. of triethylamine in 10 ml. of tetrahydrofuran, these reagents 
being added in small portions with continuous stirring over a period of 
30 minutes. The stirring was continued for 90 minutes, the mixture was 
filtered, and the solution was evaporated to dryness. The product was dis- 
solved in 150 ml. of ethyl acetate; the solution was washed with water, 
dried over Na2SQ,, and evaporated to dryness. The product was re- 
crystallized twice from 95 per cent ethanol; yield, 0.5 gm.; m.p., 182—-183°. 


Co4H2;07N (435.4). Caleulated. © 66.2, H 4.9, N 3.6 
Found. 66.1, 4.8, ** 3.4 


Action of Lyophilized Preparations of I. colt on Acetyldehydrotyrosine — 
As an approach to the study of the mechanisms operative in the transforma- 
tion of acetyldehydrotyrosine by /. coli, and the identification of inter- 
mediates formed in this process, experiments were performed to determine 
whether non-growing cells can effect the disappearance of the characteris- 
tic absorption of the substrate at 305 mu. It was found that lyophilized 
cells retained the ability to convert acetyldehydrotyrosine, and that cell 
preparations obtained from cultures grown with or without forced aeration, 
or witb or without the substrate in the medium, exhibited essentially the 
same activity. The fact that cells grown in the absence of acetyldehydro- 
tyrosine were active suggested that the enzyme system responsible for the 
transformation of this compound is not induced by it. A determination of 
the viable cell count of lyophilized preparations indicated that only about 
0.01 per cent of the organisms in the original culture had survived the lyo- 
philization procedure. Since the viable cell count did not increase during 
the time in which the lyophilized preparation effected the transformation 
of acetyldehydrotyrosine, it may be concluded that this conversion is not 
necessarily dependent upon bacterial growth, as suggested previously (1). 

In experiments with lyophilized cells, 10 mg. of the preparation were 
suspended in 5 ml. of buffer (pH 6.9 to 7.0), whose composition was varied 
in different tests by the successive omission of the inorganic components of 
the minimal growth medium (2). The decrease in absorbance at 305 mu 
was observed in the acidified filtrates (prepared in a manner analogous to 
that described previously in this paper) only when nitrate ion had been 
present in the incubation mixture. This finding suggested that the en- 
zymic reduction of nitrate by the nitrate reductase of F. coli (19) plays a 
role in the transformation of acetyldehydrotyrosine by the production of 
a substance which, in acid solution, converts acetyldehydrotyrosine to com- 
pound X. 

Support for this hypothesis came from an experiment in which solutions 
of 0.4 umole of acetyldehydrotyrosine in 5 ml. of buffer, with and without 
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the addition of 10 mg. of the cell preparation, were incubated for 4 hours 
at 38°. After filtration through Filter-Cel, these solutions were diluted, 
and one-half of each was treated with trichloroacetic acid. After being 
allowed to stand for 18 hours, no appreciable loss of absorbance at 305 mu 
had taken place in the solutions of pH 7, whereas in the acidified mixture 
(pH 1), obtained from the incubation in the presence of F. coli, the absorb- 
ance decreased to one-tenth the original value. 

l'urther evidence for the non-enzymic nature of the reaction was secured 
from experiments in which acetyldehydrotyrosine (0.4 wmole per ml.) was 
incubated with a cell-free filtrate (0.2 ml. per ml.) of /. colt grown in the 
usual minimal medium. Measurement of the absorbance at 305 my of 
acidified and non-acidified samples of this incubation mixture showed that 
the absorbance of the former had decreased by 77 per cent, whereas that 
of the latter had decreased only by 7 per cent. In analogous experiments, 
one portion of a culture filtrate was exhaustively dialyzed at 2° against 
0.05 m phosphate buffer, and another was heated for 30 minutes at 100°. 
The heated preparation was found to have lost none of its activity toward 
acetyldehydrotyrosine, whereas the dialyzed preparation was inactive. 

It may be concluded therefore that the disappearance of acetyldehydro- 
tyrosine is caused by a dialyzable, heat-stable substance produced by L. 
coli. In view of the earlier demonstration that nitrate is an essential 
component of the incubation medium for this effect to be observed, and 
that the drop in absorption is seen only in acid solution, it is reasonable to 
infer that the conversion is caused by nitrous acid. Indeed, when the cul- 
ture filtrate was replaced by a solution of sodium nitrite (final concentra- 
tion, 0.006 M), z.e. sodium nitrite and acetyldehydrotyrosine are the only 
components in an aqueous solution, a decrease of 75 per cent in absorbance 
at 305 my is observed in acidified solutions prepared in the same manner 
as described above. With 0.00125 m sodium nitrite, the decrease in ab- 
sorbance amounted to 42 per cent. Preliminary experiments have shown 
that this effect is markedly dependent on pH, little change in absorbance 
being noted at pH values more alkaline than about 4, whereas progressively 
more rapid changes become evident as the pH is decreased below this value. 
Since the pK’ of nitrous acid is about 3.4, it follows that the reactive species 
in the conversion of acetyldehydrotyrosine is nitrous acid, rather than ni- 
trite ion. 

Decisive evidence for the proposed role of nitrous acid in the conversion 
of acetyldehydrotyrosine to compound X by cultures of H. coli was pro- 
vided by the isolation of a substance identical with compound X from the 
reaction of acetyldehydrotyrosine with nitrous acid. A solution of 200 mg. 
of acetyldehydrotyrosine (0.835 mmole) and 114 mg. of sodium nitrite 
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(1.65 mmoles), in 30 ml. of water, was acidified with 5 n hydrochloric acid 
to pH 2.8. The acid solution was extracted with ten 50 ml. portions of 
ethyl acetate. The extract was dried with anhydrous sodium sulfate and 
evaporated to dryness under reduced pressure. The oily residue was crys- 
tallized from 2 ml. of water after decolorization with charcoal. Needles were 
obtained in a yield of 35 mg. (18 per cent of the theoretical yield of com- 
pound X based on the amount of acetyldehydrotyrosine, m.p. 91—94°); 
the melting point was not depressed when the product was mixed with a 
sample of compound X obtained from a bacterial culture. Kjeldahl anal- 
ysis gave a value of 5.8 per cent nitrogen (calculated for Cyo9H)O,N -H2O, 
6.2 per cent). Upon drying to constant weight at 78° over P2O;, the loss 
in weight was 8.2 per cent (theoretical weight loss assuming 1 mole of water 
of crystallization, 7.9 per cent). The ultraviolet absorption spectra of this 
preparation at pH 2 and 11 showed qualitative and quantitative agreement 
with the corresponding spectra of compound X. At pH 2, maxima at 226 
and 272 my were observed (molar absorbance, 8740 and 1250, respectively) ; 
at pH 11, two maxima at 246 and 288 mu were obtained (molar absorbance, 
10,290 and 2200, respectively). In calculating the molar absorbance, the 
molecular weight has been assumed to be 227.2, as was done previously in 
the case of compound X. 


DISCUSSION 


The rapid reaction of nitrous acid with acetyldehydrotyrosine to form 
N-acetyl-p-hydroxymandelic acid amide presents several points of chemi- 
cal and biological interest. It offers a novel route for the synthesis of 
diacylamides of p-hydroxymandelic acid, and studies are in progress to 
examine the scope of the reaction and to determine its mechanism. In 
regard to the latter, it may be assumed, as a working hypothesis, that the 
reaction is initiated by the attack of the electrophilic nitrosonium ion 
(NOt) at the double bond of acetyldehydrotyrosine; this results in the 
attachment of the NO group to the a-carbon and of the nucleophilic hy- 
droxide ion to the 8-carbon. ‘This initial attack at the double bond would 
be facilitated by the polarization induced by the phenolic hydroxyl group. 
Tautomerization and decarboxylation could then lead to an intermediate 
acetamidoxime which may be expected to be readily hydrolyzed by water to 
give N-acetyl-p-hydroxymandelic acid amide and hydroxylamine. Thus, 
the net reaction would be the oxidation of acetyldehydrotyrosine by ni- 
trous acid, which is reduced to hydroxylamine. The hydroxylamine may 
be expected to react with residual nitrous acid to form NO. An alterna- 
tive possibility is the reaction of the acetamidoxime with an equivalent of 
nitrous acid to form the diacylamide and N2O (20). In this connection, it 
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is of interest that, at acid pH values, nitrite has been found to react non- 
enzymically with reduced diphosphopyridine nucleotide and with ascorbic 
acid to form N2O, Ne, and NO (21). 

It is tempting to speculate about the possible biological significance of 
the findings reported in this paper. The widespread occurrence in plants 
of derivatives of p-hydroxyphenylethylene (e.g. p-hydroxycinnamic acid,? 
3,4-dihydroxycinnamic acid, coniferyl alcohol) and the important place of 
nitrate reductase in plant metabolism suggest the possibility that the in- 
teraction of nitrite with acetyldehydrotyrosine is an example of a more 
general reaction that occurs in plant tissues. Such an oxidation by nitrite 
may be enzyme-catalyzed and may be coupled to the action of nitrate 
reductase. 

The formation of a reactive diacylamide is of possible biological interest, 
since compounds of this type may be expected to act as acylating agents in 
a manner similar to that of other ‘‘energy-rich”’ acyl compounds. 


The authors wish to thank Dr. Sofia Simmonds for her generous help in 
this investigation. 


SUMMARY 


The product formed upon acidification of cultures of Escherichia coli 
grown in the presence of acetyldehydrotyrosine has been shown to be 
N-acetyl-p-hydroxy-pL-mandelic acid amide. This substance arises by 
the non-enzymic action of nitrous acid on acetyldehydrotyrosine, and the 
role of the bacteria in the conversion is to reduce nitrate in the culture 


medium to nitrite. 
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GLUCOSAMINE METABOLISM 
I. N-ACETYLGLUCOSAMINE DEACETYLASE* 


By SAUL ROSEMAN 


(From the Rackham Arthritis Research Unit and the Department of Biological 
Chemistry, University of Michigan, Ann Arbor, Michigan) 


(Received for publication, October 15, 1956) 


The amino sugars, glucosamine and galactosamine,! are widely distribu- 
ted in nature and are generally found as components of the ‘‘mucoid”’ 
substances. The hexosamines almost always occur as their N-acetyl de- 
rivatives (2), N-acetylglucosamine and N-acetylgalactosamine.! It seemed 
of interest to search for an enzyme which could hydrolyze the compounds 
to the amino sugars and acetate. 

Whole cells of group A streptococcus have been shown to yield acetate 
when N-acetylglucosamine was present in the growth medium (3, 4). A 
previous report indicated the presence of N-acetylglucosamine deacetylase! 
in animal tissues (5), but we were unable to confirm these experiments. 

Evidence is presented in this paper for the occurrence of the deacetylat- 
ing enzyme in a number of microorganisms. In the one case studied in 
detail, a crude extract of Escherichia coli hydrolyzed N-acetylgalactosamine 
at 10 per cent the rate of N-acetylglucosamine. This effect may be due 
to lack of specificity of the enzyme. 


* A preliminary report (1) has been presented. The Rackham Arthritis Research 
Unit is supported by a grant from the Horace H. Rackham School of Graduate Stud- 
ies of the University of Michigan. This investigation was supported in part by a 
grant from the National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, and a grant from the Michigan Chapter, Arthritis and Rheuma- 
tism Foundation. Preliminary experiments were performed at the University of 
Chicago with the assistance of Miss Frances Moses. 

1 Glucosamine = 2-amino-2-deoxy-p-glucose; galactosamine = 2-amino-2-deoxy- 
D-galactose; N-acetylglucosamine = 2-acetamido-2-deoxy-p-glucose; N-acetylga- 
lactosamine = 2-acetamido-2-deoxy-p-galactose; the glycosides used were the 
anomeric phenyl 2-acetamido-2-deoxy-p-glucopyranosides; N-acetylglucosamine 
deacetylase refers to the enzyme which hydrolyzes N-acetylglucosamine to glucosa- 
mine and acetic acid; acylase refers to the enzyme which hydrolyzes N-acylamino 
acids; Dowex 50 = a strong cationic exchange resin, a monofunctional, sulfonated, 
copolymer of styrene and divinylbenzene (Dow Chemical Company, Midland, Mich- 
igan) ; Versene is the disodium salt of ethylenediaminetetraacetic acid. 
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EXPERIMENTAL 
Methods and Materials 


Materials'—N-Acetylglucosamine, N-acetylgalactosamine, and __ the 
phenyl N-acetyl-p-glucosaminides were prepared as described (6, 7). An- 
throne and the N-acetylamino acids were commercial samples.” 

Enzyme Assay—The optimal assay mixture contained the following com- 
ponents per ml. of incubation mixture: 200 mg. of N-acetylglucosamine, 
0.06 mmole of phosphate buffer, pH 8.2, 0.09 mmole of sodium chloride, 
2 drops of toluene, and the enzyme to be tested. The rate of hydrolysis 
of the substrate is low enough to permit the use of lower substrate concen- 
trations without seriously affecting the accuracy of the assay. Enzyme 
and substrate blanks were included in each set, and the mixtures were 
usually incubated for 2 hours at 37°. Samples of the incubation mixtures 
(1.0 ml.) were then placed on 1.0 ml. of Dowex 50, H* (200 to 400 mesh) 
resin, columns, which were permitted to drain and were then washed with 
10 to 20 ml. of water. The glucosamine adsorbed by the resin was eluted 
with 0.5 N hydrochloric acid solution, and the eluates were collected in 5.0 
ml. volumetric flasks. Glucosamine determinations were carried out with 
either the acetylacetone or the anthrone method described below. In either 
case, hydrochloric acid was removed from aliquots of the eluates in vacuo 
over soda lime and calcium chloride (8). 

For the anthrone method, the dried samples were each dissolved in 3.0 
ml. of water, and 1.0 ml. of acetic acid solution (16.5 per cent) and 1.0 ml. 
of sodium nitrite solution (2.5 per cent) were added. The mixtures were 
allowed to stand for 10 minutes after thorough shaking. Excess nitrous 
acid was destroyed by the addition of 1.0 ml. of ammonium sulfamate so- 
lution (12.6 per cent) with vigorous shaking. After 5 minutes, 4.0 ml. 
aliquots of the reaction mixtures were transferred to anthrone tubes.* Con- 
centrated sulfuric acid (10 ml.) was then added to each tube with vigorous 
shaking. Color development was allowed to proceed for 30 minutes, and 
the optical densities were finally determined with the Evelyn colorimeter, 
the 620 my filter being used. The standard used for this technique ranged 
from 5 to 100 y of glucosamine per ml. of initial solution or eluate. De- 
spite the precautions taken with the anthrone reagent, its behavior is vari- 
able, and a standard curve must be obtained with each set of unknowns. 
Further, the method is sensitive to salts, etc., so that the ionic environment 
of the standards must be the same as that of the unknowns. The color 


2 The N-acetylamino acids were obtained from the Dow Chemical Company. 

3’ The anthrone tubes were prepared by the addition of 1.0 ml. aliquots of a 2 per 
cent solution of anthrone in acetone to large Pyrex test tubes. After evaporation of 
the acetone, the tubes were stored in a desiccator in the dark. 
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reaction with the nitrous acid-anthrone reagent is a modification of that 
described by Dische (9) for hexosamine. Although anthrone and sulfuric 
acid generally give color with carbohydrates, this is not true for the hexosa- 
mines or their N-acetyl derivatives. Deamination of the hexosamines (but 
not of their N-acetyl derivatives) with nitrous acid makes these sugars sus- 
ceptible to attack by the anthrone-sulfuric acid reagent. The method is 
quite specific and in theory should work directly on the enzyme incubation 
mixtures without the tedious resin treatment. Unfortunately, occasional 
samples of the incubation mixtures yielded spurious brown colors rather 
than the desired blue-green. The resin treatment apparently solved this 
problem. 

The acetylacetone method for hexosamine could also be used for analysis 
of the resin eluates. Any one of a number of modifications (10-12) of the 
Elson-Morgan (13) method can be used. ‘The resin must be washed thor- 
oughly to effect complete removal of the substrate prior to elution of the 
product. With either technique, recoveries of 95 per cent or better were 
obtained after adding glucosamine to the incubation mixtures. 

Preparation of E. coli Extracts—In most of the experiments to be de- 
scribed, F. colt strain K-12 was used. The organism, in most cases, was 
grown in a medium containing N-acetylglucosamine as the sole carbon 
source. Extracts from cells grown in this manner were about fourteen 
times more active than those obtained from cells grown on glucose. The 
medium contained the following components in gm. per liter: NazgHPO,, 
6.0; KH2PO,, 3.0; MgSO,, 0.20; NaCl, 0.50; NH,Cl, 1.0; N-acetylglucosa- 
mine, 4.0. The cells were grown for 18 hours in static culture at 37°, cen- 
trifuged (Sharples), washed with 0.15 Mm saline, and lyophilized. When 
grown with N-acetylglucosamine, the yield of dried cells was about 0.2 gm. 
per liter as compared with a yield of 0.4 gm. when glucose was used. The 
lyophilized preparation has been found to retain almost full activity after 
a 2 year period at room temperature. The active extract was prepared by 
grinding 40 to 120 mg. of the dried cells with equal weights of either alumina 
or sand in a chilled mortar. Approximately 6 ml. of cold 0.15 Mm saline 
were slowly added during the grinding procedure, and the mixture was cen- 
trifuged at 16,000 K g at 4°. Occasionally it was necessary to filter the 
supernatant fluid through Celite to obtain a crystal-clear filtrate. The 
filtered enzyme was quite unstable and was prepared immediately before 
use. 


Results 


Effect of pH—The effect of pH on the activity of the extract is illustrated 
in Fig. 1. The maximal activity with phosphate buffer lies between pH 
8.0 and 8.5. The activity is a function of the buffer used as shown in Table 


e 
e 
e 
) 
h 
d 
0) 
h 
0 
l. 
1s 
d 
r, 
d 
S. 
t 
or 


118 GLUCOSAMINE METABOLISM. I 


I. The inactivity of the extract in pyrophosphate buffer is interesting but 
unexplained. Conceivably, this is due to metal binding, as evidenced by 
the data obtained with Versene. In all subsequent studies, phosphate 
buffer was used. 


80} 
40} 


0 GLUCOSAMINE 


5.0 5.5 6.0 65 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 
pH 

Fic. 1. The effect of pH on N-acetylglucosamine deacetylase activity. The final 

volume of incubation mixture was 2.5 ml.; the tubes contained 20 mg. of N-acetyl- | 

glucosamine, 0.06 mM phosphate buffer, extract from 3 mg. of dried cells, 0.09 M NaCl, 

2 drops of toluene. The tubes were incubated for 1 hour at 37°. The ordinate repre- 
sents the glucosamine content per ml. of incubation mixture. 


TABLE I 
Effect of Buffer on Enzyme Activity 


Buffer* Optimal pH | Activityt 
Phosphate-borax........................ et 7.5-8.0 | 66 


* Buffer concentrations in the incubation mixtures were 0.06 mM. Standard incu- 
bation mixtures were used. 

t Activity = mg. of glucosamine produced at the optimal pH as per cent of glu- 
cosamine produced with phosphate buffer; pyrophosphate tested at pH 8.20. 


Effect of Substrate Concentration—The substrate concentration curve pre- 
sented in Fig. 2 indicates that the A,, is 0.12 M. 

Effect of Time—Time studies are summarized in Fig. 3. Clearly, there 
is a lack of linearity with time. Nevertheless, for technical reasons, incu- 
bations were routinely performed for periods ranging from 1 to 2 hours. 
The kinetics obtained with such a crude system are open to question. 

Enzyme Concentration—The results obtained with varying concentrations 
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Fic. 2. The effect of variation of substrate concentration on deacetylase activity. 
Except for variation of the substrate concentration, standard conditions were used 
forthe assay. The extract obtained from 1.5 mg. of cells was present in 1 ml. of in- 
cubation mixture. The data were plotted according to Lineweaver and Burk (18) 
for accurate determination of A,,. 
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Fic. 3. The effect of variation of incubation time on deacetylase activity. In- 
cubation mixtures were prepared as those described in Fig. 1, except that the enzyme 
extract was twice as concentrated in this case. 


! 
it 15 
e 
? 
| 
1, 
e- 
u- 
u- 
e- 600 
re 
ns 
XUM 


120 GLUCOSAMINE METABOLISM. I 


of enzyme are presented in Table II. Increasing concentrations of the 


crude extract yield roughly proportionate increases of glucosamine. 


Stability Studies—A number of unsuccessful attempts were made to pu- 
rify the enzyme, the major difficulty being its instability in extracts. A 
typical stability experiment is indicated in Table III. The addition of al- | 
bumin, cysteine, glutathione, and other thiol compounds did not help. As 


TABLE II 
Effect of Variation of Enzyme Concentration 
Extract* | Glucosamine produced 
eal. | 
0.063 | 313 
0.125 | §29 
0.25 | 1406 
0.50 | 2188 


* The most concentrated extract was obtained by grinding 150 mg. of dried cells 
with 5.0 ml. of 0.15 M saline. The remaining extracts were obtained by dilution of 
the concentrated material with saline; incubation time, 2 hours. 


TABLE III 
Stability of Extract 
Condition Storage time Glucosamine produced 
hrs. 

Original extract | 0 600 
Frozen —18 | 24 400 
48 300 

Ice chest | 0-1 4 210 
: 12 0 

Dialysis* | 1 4 200 


* The extract was dialyzed with stirring against 0.15 m sodium chloride solution. 


indicated in Table III, there was essentially no difference between a di- 
alyzed and a non-dialyzed preparation kept at the same temperature, both 
preparations losing activity over a period of 4 hours. To test for a metal 
requirement, Versene was added and was found to inhibit the enzyme. The 
following final concentrations of Versene in the incubation mixtures (micro- 
moles per ml.) inhibited the enzyme as indicated (per cent inhibition): 2.0, 
60 per cent; 0.20, 30 per cent; 0.02, 10 per cent. In view of the dialysis 
data and the instability of the enzyme, the inhibition may not be due to 
metal binding. 

Specificity Studies—Enzymes capableof hydrolyzing N-acetylamino acids 
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are well known (14). It was therefore important to determine whether the 
E. coli N-acetylglucosamine deacetylase was associated with such an en- 
zyme. The results indicate that this is not the case. Furthermore, an 
active ‘“‘acylase” preparation! obtained from Armour and Company did 
not measurably hydrolyze N-acetylglucosamine. 

As indicated in Table IV, the /. colt extract did not hydrolyze several 
N-acetylamino acids. Of the various compounds tested, measurable hy- 
drolysis, in addition to that obtained with N-acetylglucosamine, occurred 


TaBLeE IV 
Substrate Specificity of Extract 
N-Acety! derivatives of | Per cent activity* 
2 | 
Phenyl 0 
Glycine; pL-alanine; pL-leucine; pL-methionine.......... | 0 


* Activity is the relative activity obtained with the substrates compared to that 
obtained with N-acetylglucosamine where the substrates and \-acetylglucosamine 
were present in the incubation mixtures at the same concentrations. The concen- 
trations of acetylated derivatives in the incubation mixtures in micromoles per ml. 
were amino acids 20, pheny! glucosaminides 25, galactosamine 20. The pheny!] glu- 
cosaminides are somewhat less soluble than the figure indicated, and a portion of 
the substrate crystallized out of the reaction mixtures during the incubation period. 
Solution of these compounds in the original saline buffer mixture was effected by 
warming on the steam bath. The acetylamino acids were used as their sodium salts. 
The appropriate tubes contained 0.1 ml. of extract per ml. of incubation mixture, 
which was equivalent to an extract from 3 mg. of dried cells. The amino acid tubes 
were assayed by a ninhydrin technique, the phenyl glucosaminides by the anthrone 
technique with phenyl 3,4,6-triacetyl-3-p-glucosaminide hydrochloride as a stand- 
ard. Less than 1 per cent hydrolysis of the various substrates would have been 
measurable. The tubes were incubated for 3 hours at 37°. 


only in the case of N-acetylgalactosamine. The lack of activity with the 
phenyl N-acetylglucosaminides indicates that the enzyme requires a free 
aldehydo group for its activity. 

Isolation of Products—aA fresh extract was prepared from 360 mg. of dried 
cells by the usual technique, in this case 15 ml. of saline being employed. 
After clarification of the extract, 10 ml. were added to 20 ml. of a solution 
containing 8.0 gm. of N-acetylglucosamine in 0.15 m phosphate buffer, pH 
8.25. The mixture was incubated at 38° for 16 hours, at which time the 
pH had dropped to 6.9. The sample was passed through 25 ml. of Dowex 
50, H+ resin (200 to 400 mesh), and the filtrate and column washings were 
combined, to be used for isolation of the acetic acid. 
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Glucosamine was removed from the column by elution with 1 N hydro- 
chloric acid solution. Analysis of the eluate indicated a total of 1.68 
mmoles of glucosamine hydrochloride. The solution was concentrated to 
dryness 7n vacuo, and the glucosamine was converted to the 2-hydroxy-1- 
naphthylidene Schiff base (15). The crystalline derivative melted at 196° 


TABLE V 


Occurrence of Deacetylase Activity 


Source* Activityt 
E. coli K-12 (grown on N-acetylglucosamine)............ 2466 
Saccharomyces cerevisiae LK 2G 12...................... Trace 
Pseudomonas ee 0 
Commercial mold 0 
Rabbit tissues (liver, testis, brain, kidney, spleen, lung, 


* The bacterial preparations were dried or frozen cells obtained through the 
courtesy of Dr. Harlyn O. Halvorson. Except for the FE. coli K-12, which had been 
grown in this laboratory as indicated in the text, the other bacterial preparations 
were grown in conventional peptone, yeast extract, salt media. In all cases, 25 mg. 
of dried cells were extracted with 1 ml. of 0.15 M saline by the described procedure. 

+ Activity is expressed as the micrograms of glucosamine produced from N-acet- 
ylglucosamine under the standard conditions. 

t A variety of commercial mold extracts were used at concentrations of 5 mg. 
per ml. of incubation mixture. The products tested were Enzyme 19, Pectinol 45 
(Rohm and Haas Company); Amprozyme P and Hydrolase D (Jacques Wolf and 
Company); Clarase concentrate B (Takamine). A Pancreatin concentrate (Taka- 
mine) was also tested. 

§ Male rabbits were used. The tissues were homogenized in a blendor with 10 
parts of cold 0.15 mM saline, the mixtures centrifuged for 30 minutes at 18,000 x g, 
and the supernatant fluids were tested for activity. 


(uncorrected), and this value was not depressed after admixture of the ma- 
terial with an authentic sample. 

The acetic acid was isolated from the column washings by continuous 
ether extraction of the acidified washings, extraction of the ether with so- 
dium bicarbonate solution, and finally steam distillation of the acidified 
sodium bicarbonate extract. Titration of the steam distillate indicated a 
total of 1.78 mmoles of organic acids. The acetic acid was characterized 
by conversion to the crystalline 2-methylbenzimidazole derivative (16), 
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_ which showed the correct melting point (175-176°) and did not depress 
the melting point of an authentic specimen. 


From the results obtained above, it can be concluded the F. coli extract 


hydrolyzes N-acetylglucosamine to its components, glucosamine and acetic 
acid. 


Occurrence of Deacetylase—A number of possible sources were examined 


~ for enzymatic activity (Table V). It will be noted that the deacetylase 


is present in a number of bacteria, but the most active extract was obtained 
with the strain used in this study, 2.e. when grown on N-acetylglucosamine. 


DISCUSSION 


The data indicate that several bacterial strains contain an enzyme ¢a- 
pable of hydrolyzing the amide bond of N-acetylglucosamine. In the one 
case studied in detail, slow hydrolysis of the corresponding galactosamine 
derivative was also noted. The K,, value for N-acetylglucosamine is in the 
range exhibited by other hydrolases (17). 

Animal tissues exhibited no detectable activity with use of either the 


- conditions described here or those described by Watanabe (5). It should 
be noted that the earlier report measured disappearance of substrate, 
_ whereas in the present work product formation was used as a measure of 


enzyme activity. 
SUMMARY 


Cell-free extracts of a variety of bacteria have been prepared and been 
shown to be capable of hydrolyzing N-acetylglucosamine to glucosamine 
and acetate. Detailed studies of extracts of Escherichia coli strain K-12 
grown on the substrate demonstrated that N-acetylglucosamine deacet- 
ylase will not hydrolyze N-acetylamino acids or the phenyl N-acetylglu- 
cosaminides. <A slow hydrolysis of N-acetylgalactosamine does occur. 
Studies on the distribution and some of the properties of the enzyme are 
reported. 


It is a pleasure to acknowledge the expert assistance of Miss Aletha 
Hemerline. 
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GLUCOSAMINE METABOLISM 
II. STUDIES ON GLUCOSAMINE 6-PHOSPHATE N-ACETYLASE* 


By EUGENE A. DAVIDSON, HAROLD J. BLUMENTHAL, 
AND SAUL ROSEMAN 


(From the Rackham Arthritis Research Unit and the Departments of Biological 
Chemistry and Bacteriology, University of Michigan, Ann Arbor, Michigan) 


(Received for publication, October 15, 1956) 


Although the hexosamines are widely distributed in nature, generally 
as their N-acetyl] derivatives (2), little is known concerning the mechanism 
of the acetylation. Studies zn vivo on the biosynthesis of hyaluronic acid 
(3, 4) demonstrated that isotopic acetate was rapidly incorporated into 
the polysaccharide by group A hemolytic streptococci. Similar results 
were obtained with skin mucopolysaccharides in animals (5, 6). The 
latter studies indicated that incorporation of acetate probably occurred at 
the beginning of the biosynthetic sequence rather than by exchange with 
the polymer. 

The initial experiments performed in vitro by Chou and Soodak (7) sug- 
gested that a pigeon liver enzyme and AcCoA! could acetylate Gm! and 
galactosamine. Subsequently, it was reported that the reaction was non- 
specific and was catalyzed by the pigeon liver enzyme which more effec- 
tively acetylated aromatic amines (8). Recently, Leloir and Cardini (9) 
demonstrated that crude extracts obtained from Neurospora crassa acety]- 
ated either Gm or Gm-6-P.! Because of the complexity of the system, it 
was not clear whether the fungal enzyme was active with both substrates 
or was specific towards one. A preliminary report by Brown (10) has 
indicated that an extract of bakers’ yeast could acetylate Gm-6-P but 
not Gm. 

In view of the importance of the acetylation reaction, it was of interest 
to purify the fungal enzyme and to determine the substrate requirements 
of the fungal, streptococcal, and animal acetylating systems. The avail- 
ability of analytically pure, crystalline Gm-6-P (11) in contrast to the 


* A preliminary report (1) has been presented. The Rackham Arthritis Research 
Unit is supported by a grant from the Horace H. Rackham School of Graduate Stud- 
ies of the University of Michigan. This investigation was supported in part by 
grants from the National Institutes of Health (A-512) and from the Michigan Chap- 
ter, Arthritis and Rheumatism Foundation. 

1 The following abbreviations are used: AcCoA, acetyl coenzyme A; Gm, 2-amino- 
2-deoxy-p-glucose; Gm-6-P, glucosamine 6-phosphate; EDTA, ethylenediaminetet- 
raacetic acid; Tris, tris(hydroxymethyl)aminomethane; NAcGm-6-P, N-acetyl- 
glucosamine 6-phosphate. 
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impure preparations previously used (9, 10) has also permitted more defini- | 


tive studies of the kinetics of this system. 


Materials and Methods 


Crystalline Gm-6-P was prepared by a method to be described (11). 
Coenzyme A was a commercial preparation, 75 per cent pure, and was | 


converted to AcCoA with acetic anhydride (12). 


N. crassa, wild type, strain 5297a, as grown in shake culture on a sucrose | 
and salts medium (13) for 18 hours at room temperature. The medium | 
contained the following constituents in gm. per liter: ammonium tartrate, | 
5.0; NH,NO;, 1.0; KH2PO,, 1.0; MgSO,-7H20, 0.5; NaCl, 0.1; CaCh, | 
0.1; sucrose, 15.0; biotin, 5 X 10-6; trace elements added as salts in} 
mg. per liter: B, 0.01; Cu, 0.10; Fe, 0.20; Mn, 0.02; Mo, 0.02; Zn, 2.00. | 


The mycelia were harvested by filtration through cotton gauze, washed 
several times with distilled water, lyophilized, and stored in vacuo over 
silica gel at —18°. The preparations retained full enzymatic activity for 
at least a year. 

Group A hemolytic streptococcus, strain C203,? was grown for 6 hours 


at 37°, centrifuged, and washed as described (14). The cells obtained | 


from 700 ml. of growth medium were treated for 20 minutes at 37° with 
500 T. R. U. of testicular hyaluronidase® in 25 ml. of phosphate buffer 
(0.025 m, pH 7.0) containing sodium 6-glycerophosphate (0.10 m, pH 7.0). 
The cells were then washed four times as described (14). Cells treated in 
this manner retain the ability to synthesize hyaluronic acid from glucose 
and glutamine (16). Crude extracts were prepared from the washed wet 
cells as described below, with 20 ml. of phosphate buffer (0.10 mM, pH 6.6) 
per 1.5 gm. of wet weight of cells. 

Tissues were obtained immediately after killing the animals, and 1.0 to 
2.0 gm. were extracted as indicated for the N. crassa (20 ml. of Tris! per 
gm. of tissue). Storage of the tissues at —18° for periods as long as 4 
months did not appreciably affect enzymatic activity. Human _ liver, 
considered normal by gross and microscopic examination, was obtained 
at necropsy within 4 hours after death and stored at —18°. 

Enzyme Assay—Incubations were carried out for 20 or 30 minutes at 
37° in phosphate buffer, pH 6.6. This buffer was used, since it inhibits a 
highly active phosphatase which can cleave Gm-6-P to Gm and inorganic 
phosphate. This enzyme is removed at Step 7. The complete system 


2 We are indebted to Dr. Seymour Halbert of the Department of Ophthalmology, 
Columbia University, for a culture of this strain and for details of the conditions for 
optimal growth. 

3 We wish to thank Dr. Harvey Alburn of Wyeth, Inc., for a generous sample of 
partially purified testicular hyaluronidase which assayed 1250 T. R. U. per mg. of 
solid (15). 
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included Gm-6-P, 8 umoles; AcCoA, 2 umoles; and buffer, 10 umoles; the 
final volume was 0.35 ml. Routine controls included a complete mixture, 
heat-inactivated at zero time, and an incubated tube containing no AcCoA. 


_ The reaction was stopped by heating for 3 minutes in a boiling water bath, 


and, after removal of coagulated protein by centrifugation, an aliquot was 
withdrawn for AcGm-6-P determination. | 

AcGm-6-P was determined by a modification of the method of Morgan 
and Elson (17, 18). Protein was estimated by a nephelometric micro- 
method in which sulfosalicylic acid was used as the denaturing agent (19). 
The nephelometric protein values were consistently lower than those ob- 
tained by Kjeldahl determination of non-dialyzable nitrogen. The puri- 
fication factors for the N. crassa enzyme removed at Step 7 calculated by 
both methods, however, agreed within 15 to 20 per cent. It should also 
be noted that protamine sulfate yields no turbidity with sulfosalicylic acid 
at concentrations used in the purification procedures. 


EXPERIMENTAL 


Purification of N. crassa Enzyme— Unless otherwise noted, all operations 
were performed at 1—2°, and centrifugations were carried out at 2000  g 
for 10 minutes. 

Step 1—Lyophilized mycelia (1.4 gm.) were homogenized in a jacketed 
Waring blendor with a teaspoonful of glass beads (20) and 40 ml. of Tris 
buffer (0.10 m, pH 7.4).4 After blending for 3 minutes, the beads and de- 
bris were removed by centrifugation. Usually eight to sixteen extracts 
were prepared separately and combined at this stage. 

Step 2—3.8 ml. of a 2 per cent solution of protamine sulfate (Eli Lilly 
and Company) were added per 10 ml. of the crude extract, and after thor- 
ough stirring the mixture was allowed to stand for 10 minutes in the ice 
bath and was centrifuged. The resulting supernatant solution was clear 
but light tan in color. 

Step 3—-1.2 ml. of a suspension of aged calcium phosphate gel (21) con- 
taining 32 mg. of solid per ml. were added slowly, with vigorous stirring, 
to 10 ml. of the supernatant fluid obtained in Step 2. After standing for 
10 minutes with occasional stirring, the gel was removed by centrifugation 
and discarded. 

Step 4—The supernatant solution obtained in Step 3 was adjusted to 
pH 4.8 with 6 N acetic acid and placed in a water bath at 80°. After the 
enzyme solution reached 60°, the mixture was maintained at 60° for 10 


‘The glass beads used were obtained from the Minnesota Mining and Manufac- 
turing Corporation and designated pavement marking beads. They were treated 
with dichromate-sulfuric acid and washed exhaustively with distilled water before 


use, 
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minutes and cooled by immersion in an ice bath. The pH was readjusted _ 


to 6.0 with 1.0 Nn IKXOH, and the insoluble protein was removed by centrifu- 
gation. 


Step 5—The supernatant fluid from Step 4 was treated with 0.1 volume | 


of mixed bed ion exchange resin (equivalent volumes of Dowex 50, H*, and | 


Dowex 1, HCO;- ion exchange resins, both 20 to 50 mesh)® and stirred 
for 20 minutes. The resin was removed by centrifugation, and the clear 


OCT 


filtrate was lyophilized and stored in vacuo at —18°. A yield of 250 mg. — 


of hygroscopic solid was obtained from 11.2 gm. of dried mycelia. 


Step 6—The dried protein from Step 5 (250 mg.) was dissolved in 2.5 | 


ml. of 0.10 m phosphate buffer, pH 6.6, and treated with 0.5 ml. of alu- 
mina Cy gel (22) containing 15 mg. of solid per ml. After standing with 


frequent stirring for 10 minutes, the gel was removed by centrifugation | 


and discarded. 


Step 7—The supernatant fluid from Step 6 was treated with an equal | 


volume of ammonium sulfate solution prepared by saturation at 4°. After 
standing for 1 hour, the inactive protein was removed by centrifugation 
at 16,000 X g for 20 minutes. The supernatant fluid was treated with 


sufficient solid ammonium sulfate to bring the saturation to 70 per cent. | 
After standing for 1 hour, the precipitate was collected by centrifugation | 


for 20 minutes at 16,000 X g. The residue was dissolved in 1 ml. of phos- 
phate buffer (0.10 m, pH 6.6) and dialyzed against the same buffer for 24 
hours. The dialyzed enzyme could be stored in the frozen state and re- 
tained full activity for at least 4 months. 

A summary of the data on purification is given in Table I. 

Purification of N-Acetylase from Other Sources—Extracts were prepared 
from group A streptococcal cells and from various animal tissues as de- 
scribed above. In each case, the purification procedure was followed 
through Step 4, with one modification. It was observed that the N-acetyl- 
ase obtained from animal sources was not stable at pH 4.8 under the de- 
scribed conditions. In these cases, the heat denaturation was carried out 
at pH 6.0. 

Properties of N. crassa Enzyme—The experiments reported below were 
performed with the most highly purified preparation, which exhibited a 
specific activity of 733 umoles of product formed per mg. of protein per 
hour. 

The effect of variation of pH on enzymatic activity is presented in Fig. 1. 
It should be noted that the substrate Gm-6-P is itself an excellent buffer, 
and at the high concentrations used it must be adjusted to the desired pH 


5 Dowex 50 is a strong cationic resin, monofunctional sulfonated copolymer of 
styrene and divinylbenzene; Dowex 1 is a strong anionic resin, polystyrene quater- 
nary ammonium salt type. 
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prior to the addition of enzyme. In addition, the AcCoA as prepared 
contains appreciable quantities of acetate buffer which must also be ad- 
justed. 


TABLE 
Purification of Gm-6-P N-Acetylase 
Specific activity, 
Fractionation step pmoles per mg. Purification factor Yield, per cent 
protein per hr. 
1. Crude extract 2.8 1 100 
2. Protamine 9.4 3.3 78 
3. Ca3(PQOx,)2 gel 17.5 6.2 75 
4. Heat, pH (60°, 4.8) 140 49 72 
5. Mixed bed resin, lyophilize 180 | 63 65 
6. Alumina Cy gel 255 89 65 
7. (NH,4)2SO,, 50-70% 733 | 254 57 
14 
12F 
6 | 
WJ 
= 
w 
> oO 
=} 
IF 
4.0 2.5 5.0 5.5 6.0 6.5 70 7.5 8.0 ! 2 3 4 5 
pH RELATIVE PROTEIN CONC. 
Fia. 1 Fia. 2 


Fic. 1. Rate of AcGm-6-P formation as a function of pH. Standard assay con- 
ditions were employed with 0.54 y of the most highly purified enzyme preparation. 
The buffers used (0.15 mM) were citrate-phosphate, pH 4.0, 4.9, 6.1, 6.7; phosphate, 
pH 7.1; Tris, pH 7.6, 8.1, 9.1. 

Fig. 2. AcGm-6-P formation as a function of protein concentration. 20 minute 
incubations at pH 6.6. The incubation mixtures contained Gm-6-P 40 uzmoles, Ac- 
CoA 10 umoles, buffer 20 umoles. 


The variation of activity with protein concentration is indicated in Fig. 2. 
In view of the relatively high AcCoA requirement for saturation, low en- 
zyme concentrations were frequently used. 

The amount of product formed with increasing time is shown in Fig. 3. 


XUM 


ed 
ne 
id 
ad 
ar 
u- 
h 
on 
al 
er 
yn 
h 
t. 
mn 
| 
4 
d 
e- 
e- 
it 
a 
l. 
I, 
| 


i30 GLUCOSAMINE METABOLISM. II 


The rate is non-linear after about 40 minutes of incubation. This effect 
may be due to substrate utilization. 


ALM AC GM -6-P FORMED 


io. 20. 30 40. 50 60 
TIME IN MINUTES 
Fic. 3. AcGm-6-P formation as a function of time. Incubations at pH 6.6 with 


0.54 y of the most highly purified enzyme. 


S T 7T T 8 
7 
J 
oO 
oO all 
2 
> = 
> 
= 4 $5 
=z 
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.004 0.012 0.020 0.028 0.036 
GM-6—P CONCENTRATION, M Ac Co A CONCENTRATION, M 
Fic. 4 Fic. 5 


Fic. 4. AcGm-6-P formation as a function of Gm-6-P concentration. The incu- 
bation mixtures were the same as those described in the assay procedure except for 


varying Gm-6-P concentration. 
Fic. 5. AcGm-6-P formation as a function of AcCoA concentration. The incu- 


bation mixtures were the same as those described in the assay procedure except 
for varying AcCoA concentration. 


Enzymatic activity with increasing substrate concentration is presented 
in Fig. 4 for Gm-6-P and in Fig. 5 for AcCoA. The calculated K,, for 
either substrate is 7.8 * 10-4 m when Lineweaver-Burk plots (23) of [S]/V 
versus [S] were used. A slight inhibition of the rate is evident at high 
AcCoA concentrations; this effect has been noted in other systems which 


require AcCoA as a substrate. 
No cofactor requirements could be demonstrated for the purified enzyme. 
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It could be dialyzed for 4 hours against 10-? m EDTA without measurable 
loss of activity. Treatment with mixed bed ion exchange resin (Step 5) 
resulted in a slight increase in activity. No inhibition was noted with 
5 X 10-% m iodoacetate, but complete inhibition could be demonstrated 
with 10-3 uribenzoate. 

Specificity—The purified enzyme cotati no acetylating activity with 
the following substrates: glucosamine, galactosamine, p-nitroaniline, or 
amino acids. The amino acid acetylation experiments were carried out in 
a cyanide-activated system as described (24). 

Isolation of Product—A mixture containing 10 uwmoles of AcCoA, 20 
umoles of Gm-6-P, 50 umoles of 0.10 Mm phosphate buffer, pH 6.6, and 100 y 


TaB_Le [I 
Distribution of Gm-6-P N-Acetylase 
Specific activity, wzmoles per mg. protein per hr. 
Source of enzyme 
Crude extract | Purified extract* 

Group A hemolytic streptococcus 2.4 12 
Penicillium species 3.1 105 
N. crassa (high Co) 2.7 108 
Rabbit liver 1.2 14 

kidney 1.1 

‘¢ muscle 0.3 
Dog kidney 1.3 
Human liver 0.4 5 


* All purifications were carried out through Step 4. 


of purified enzyme was incubated for 1 hour at 37°. After heat inactiva- 
tion, the solution was passed through a 5 ml. column of Dowex 1, acetate 
form resin (200 to 400 mesh). The column was washed with 50 ml. of 
water, and the NAcGm-6-P was eluted with 0.20 N HSO,. Fractions 
(10 ml.) were collected and examined for acetylamino sugar content. Posi- 
tive fractions were combined, the sulfuric acid was removed with barium 
hydroxide, the barium sulfate removed by filtration, and the filtrate ly- 
ophilized. The resulting glassy residue gave the following analyses: the 
ratio of N:organic P:AcGm-6-P was 1.00:0.88:1.03. 

Distribution of N-Acetylase—A Penicillium species yielded active ex- 
tracts which exhibited essentially the same characteristics as those ob- 
tained from the N. crassa. Since trace metals are known to affect enzyme 
activities markedly in fungi, experiments were conducted with the same 
Strain of N. crassa grown on a cobalt-enriched medium. No difference 
was noted in the extracts obtained. 


| 
| | 
cu- 
for 
cu- 
ept 
ed 
for 
/V 
igh 
ich 
ne. 


132 GLUCOSAMINE METABOLISM. II 


As indicated in Table II, active extracts were obtained from group A 
hemolytic streptococcus. It was of interest to note that the crude extracts 
displayed activity only in the presence of an acetate-activating system (25) 
but not in the presence of AcCoA alone. Purification of the enzyme — 
through Step 4 removed this requirement and permitted synthesis in the — 
presence of Gm-6-P and AcCoA alone. The crude extract probably con- 
tained an active AcCoA deacylase (26). 

As indicated in Table II, active extracts were obtained from the follow- 
ing animal tissues: rabbit liver, kidney, and muscle, dog kidney, and hu- © 
man liver. No activity could be detected in extracts prepared from rabbit _ 
heart, brain, spleen, lung, oviduct, and lysed erythrocytes. 


4 


DISCUSSION 


While it has been demonstrated that Gm-6-P is rapidly acetylated by 
enzymes obtained from a variety of sources, only one extract, that of hu- 
man liver, displayed any acylating activity towards Gm. The ratio of 
acetylating activities in the crude human liver extract was 3:1 in favor of 
the Gm-6-P. In addition, purification of the extract yielded fractions — 
which acetylated Gm-6-P, but not Gm, while the Gm-acetylating activity © 
appeared to follow the p-nitroaniline-acetylating enzyme. This provides — | 
further evidence for the relative non-specificity of the aromatic amine | 7 
acetylase (8). The lack of activity of the crude N. crassa extract withGm 
as a substrate is at variance with the previous report of Leloir and Cardini 1: 
(9). However, they demonstrated that their system contained hexokinase © 
as well as an acetate-activating system. It seems likely, therefore, that — 
Gm-6-P was formed in situ and was the active substrate for the acety- | 13 
lating enzyme. 16 

The purified NV. crassa enzyme exhibited a specific activity of 733 umoles | 17 
per mg. of protein per hour as compared with 4.4 for the best yeast prepara- 18 
tion previously reported (10). The A,, value obtained agrees with the 
reported value of 5 10-4 for the yeast enzyme. It should be noted, 2 
however, that the yeast enzyme studies were performed with more complex | 9, 
systems so that final comparison cannot be made between the two enzymes | 22 
at this time. 

Whether the acetylating enzyme is completely specific for Gm-6-P or will = 
also acetylate galactosamine-6-P remains to be determined. The prepara- 
tion of the latter substrate is in progress and will be reported elsewhere. | 9. 


SUMMARY 


1. An enzyme capable of N-acetylating glucosamine 6-phosphate in the 
presence of acetyl coenzyme A has been purified 254-fold from extracts of 
Neurospora crassa. The enzyme has also been detected in a Penicillium 
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species, a strain of group A hemolytic streptococcus, rabbit liver, kidney, 
and muscle, dog kidney, and human liver. 


2. The purified NV. crassa enzyme has a pH optimum of 6.0 to 7.1 and 


is inactive with glucosamine, galactosamine, p-nitroaniline, or amino acids 
as substrates. The calculated A,, for the purified enzyme is 7.8 & 10-4 M. 


3. The purified enzyme displays no cofactor requirements and is not 


inhibited by ethylenediaminetetraacetic acid or iodoacetamide. 
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PURINE DEOXYRIBONUCLEOTIDES IN RAT TUMOR* 


By G. A. LEPAGE 


(From the McArdle Memorial Laboratory, Medical School, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, October 29, 1956) 


Reports have recently appeared from two laboratories concerning the 
occurrence of deoxyribose derivatives in acid extracts of tissues. In one 
laboratory (1), mouse and rat tissues frozen in situ were shown to contain 
deoxyribosides of cytosine and uracil. In the other (2), the triphosphate 
of thymidine was isolated from calf thymus. No evidence was obtained 
in either of these investigations to indicate the presence of purine deoxy- 
ribose derivatives. In view of a recent report (3) concerning the mech- 
anism by which tissues synthesize deoxyribonucleotide polymers, it ap- 
pears to be important to determine whether purine deoxyribonucleotides 
are present in growing tissue and, if so, at what level of phosphorylation. 
For this purpose, subcutaneous implants of tumors on rats appeared most 
suitable. ‘They represent a rapidly growing tissue in which, unlike normal 
tissues, the high energy phosphate esters can be preserved by freezing in 
situ without anesthesia (4). 

Since we had the necessary methods available, an investigation was 
undertaken to determine whether adenosine deoxyribonucleotides occurred 
naturally in Flexner-Jobling rat carcinoma. 


EXPERIMENTAL 


Nine female rats of the Holtzman strain, weighing 130 to 140 gm., re- 
ceived subcutaneous implants of a Flexner-Jobling carcinoma mince at 
multiple sites on the abdominal area. After 10 days, when individual 
tumors weighed 800 to 1000 mg., the rats were frozen in liquid air without 
anesthesia. ‘The tumors were removed in the frozen state, with special 
care being taken to reimmerse the tissue blocks and tools in liquid air fre- 
quently to avoid any partial thawing. This procedure has been described 
elsewhere (4). The frozen tumors (75 gm.) were ground to a powder and 
projected into a Waring blendor containing 160 ml. of 0.4 m perchloric 
acid. The tissue residue was centrifuged and extracted with 0.2 m per- 
chloric acid and the extracts were pooled. The solution was neutralized 
with potassium hydroxide to pH 6.8 and the precipitated potassium per- 
chlorate was removed in the cold. The extract was run onto a Dowex 


* This research was supported in part by United States Public Health Service 
grant No. C2491 and in part by the Alexander and Margaret Stewart Trust Fund. 
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1 formate column and gradient elution was carried out according to the 


procedure of Schmitz et al. (5). The profile obtained on measurements 
of ultraviolet light absorption by fractions of the eluate was much simpler 
than that obtained by Schmitz et al. (5), who did not use freezing in situ. 
A peak identified as AMP! was obtained amounting to 6.2 umoles. No 
peak was obtained where ADP would occur. The main peak was that 
of ATP, which amounted to 38 umoles. These two components from the 
chromatogram were lyophilized. 

The AMP was taken up in water and put on a sheet of Whatman No. 1 
filter paper as a band 1 XK 25 cm. This was run as a descending paper 
partition chromatogram with isobutyric acid-ammonia-ethylenediamine- 
tetraacetate (6), along with marker spots of AMP and DAMP. The 
broad diffuse band obtained was cut out and a strip at the front approxi- 
mating the area where DAMP should be was eluted with water, lyophil- 
ized, and rechromatographed, as a spot, with the same system. While 
DAMP and AMP separated well (2, values of 0.70 and 0.53), no spot 
corresponding to DAMP could be observed under ultraviolet light. A 
cysteine-sulfuric acid test (7) of the paper gave no indication of the pres- 
ence of DAMP, though a 10 y spot of authentic DAMP was plainly detecta- 
ble. 

The ATP from the Dowex column contained considerable ammonium 
formate and could not be chromatographed directly on paper. It was 
taken up in water and run through a column made from 900 mg. each of 
acid-washed charcoal (Nuchar C) and Celite. The column was washed 
with water and the water solutions, which contained only negligible 
amounts of ultraviolet light-absorbing material, were discarded. The ATP 
was eluted in 74 per cent yield with 60 ml. of 50 per cent ethanol contain- 
ing 1.8 ml. of concentrated ammonium hydroxide. This eluate was dried 
in vacuo in the cold. The 28 umoles of ATP obtained were chromato- 
graphed on paper in the same manner as described for the AMP, with 
DADP, ADP, DATP, and ATP as markers. A second chromatogram 
was necessary after the bulk of the ATP band from the first had been dis- 
carded. On the second chromatogram, a small band appeared ahead of 
the ATP. This corresponded in position with DATP (Ry values of DADP 
and DATP were 0.47 and 0.38). When a segment of this small band was 


1The abbreviations used are adenosine triphosphate, ATP; adenosine diphos- 
phate, ADP; adenosine monophosphate, AMP; deoxyadenosine triphosphate, DATP; 
deoxyadenosine diphosphate, DADP; deoxyadenosine monophosphate, DAMP. 
DATP and DADP were prepared by incubating DAMP (California Foundation for 
Biochemical Research) with a rat kidney homogenate and a medium containing po- 
tassium chloride, pyruvate, diphosphopyridine nucleotide, magnesium chloride, and 
hexose diphosphate. The resulting mixture was chromatographed on Dowex | for- 
mate, charcoal, and the isobutyric acid-ammonia-ethylenediaminetetraacetate paper 
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tested with the cysteine-sulfuric acid reagent, it gave a pink color, indi- 
cating a deoxyribose derivative. The remainder of the band was eluted 
with water, lyophilized, and rechromatographed, as was a sample of DATP, 
on a sheet of Whatman No. 1 paper which had been washed with acid to 
remove material absorbing ultraviolet light. The spots obtained were 
eluted with water and the spectra were determined with a Beckman DU 
spectrophotometer. Within limits of error, the spectra were identical 
and had absorption maxima at 259 mu. Analyses for phosphorus (4) on 
the material from the tumor extract and DATP gave adenine-phosphorus 
ratios of 2.77 and 2.87, respectively. The quantity of material actually 
isolated from the tumor extract, on the basis of ultraviolet light absorp- 
tion, was 0.20 umole. Recovery experiments with DATP and similar 
conditions indicate that the original amount present would be 0.3 umole 
or 0.4 umole per 100 gm. of tumor tissue. 

The base was isolated from an aliquot of the material, after acid hydrol- 
ysis, and further identified as adenine by measurement of its mobility by 
the paper partition chromatographic system of Carter (8) with sodium 
phosphate-isoamy] alcohol. 

No attempt was made to find deoxyribonucleosides or deoxyribonucleo- 
tides of other bases. No conclusion can be reached regarding DADP in 
the absence of an ADP band. But the absence of DAMP from the AMP 
band encourages the conclusion that the deoxyribonucleotide present is 
in the form of the triphosphate. The amount of this component found is 
less than 1 per cent of the ATP found in this tissue. 


SUMMARY 


Rats bearing Flexner-Jobling carcinomas were frozen in situ with liquid 
air and extracted with acid. The extracts were fractionated by ion ex- 
change and paper partition chromatography to detect deoxyadenosine 
phosphates. Approximately 0.4 umole per 100 gm. of a component tenta- 
tively assumed to be deoxyadenosine triphosphate was isolated. No evi- 
dence was obtained for the presence of deoxyadenosine monophosphate 
in the extracts. 
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THE STATE OF ESTERIFICATION OF THE 
STEROLS OF RAT SKIN* 


By IVAN D. FRANTZ, Jr., ELINOR DULIT, ann ANN G. DAVIDSON 


(From the Cardiovascular Research Laboratory, Department of Medicine, 
Medical School, University of Minnesota, Minneapolis, Minnesota) 


(Received for publication, September 17, 1956) 


During the study of methods of chromatography of closely related sterols, 
we isolated from rat skin a ‘‘fast acting’! sterol, apparently not previously 
described, some properties of which we have recently listed (2). We found 
that if the sterols were extracted gently, without hydrolysis, the digitonin- 
precipitable fraction contained none of this compound. Furthermore, the 
content of A7-cholestenol (lathosterol) was much lower than that reported 
by Idler and Baumann (3) for total sterols of rat skin. These findings 
suggested that the fast acting sterols of rat skin are present largely in es- 
_ terified form, in contrast to cholesterol, which is mostly free. The results 
reported below bear out this conclusion. 


Materials and Methods 


Female Sprague-Dawley rats weighing about 200 gm. were killed with 
ether and skinned quickly. The subcutaneous tissue was stripped off, but 
the hair was not removed. 

Chromatography was carried out on columns of silicic acid? mixed with 
half its weight of Super-Cel.* A slurry in benzene was prepared, and 
the column was poured and allowed to settle under slight positive pressure 
until packed. Most of the columns were 20 cm. long and 1 cm. in diam- 
eter, although various other dimensions were also used. The maximal load- 
ing for columns 1 cm. in diameter was 12 mg. of sterols. The sample was 
added in a minimal volume of benzene, and the sterols were eluted with 
benzene. This technique is similar to that described by Idler and Bau- 


* This work was supported by a research grant (No. H-1875) from the National 
Heart Institute, United States Public Health Service, and by grants from the Min- 
nesota Heart Association and from anonymous donors. 

‘The term ‘‘fast acting’’ is used to designate a sterol which gives an immediate 
color with the modified Schoenheimer-Sperry reagent, as discussed by Moore and 
Baumann (1). 

? Mallinckrodt Chemical Works, 100 mesh, analytical reagent, suitable for chroma- 
tographic analysis by the method of Ramsey and Patterson. 

Johns-Manville Corporation. 

‘Merck and Company, Inc., reagent grade, redistilled if compounds were to be 
isolated from the effluent. 
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mann (3), except for the use of pure benzene as eluting agent and the fact 
that the free sterols rather than the azoyl esters were applied to the column, 
A typical chromatogram of rat skin sterols is shown in Fig. 1. 

Precipitation with digitonin was carried out with the solvents and under 
approximately the conditions recommended by Sperry and Webb (4), ex- 
cept that, in the preparative work, no great excess of digitonin was used. 

Sterols were measured colorimetrically as described by Sperry and Webb 
(4). They were recovered from the digitonide by the method of Schoen- 
heimer and Dam (5). 


EXPERIMENTAL 


Preparation of E-xtract—A rat skin was cut into small pieces and extracted 
with acetone for 72 hours in a Soxhlet extractor. The extract was then 
brought to a volume of 250 ml. and subjected to the analytical procedures 
described below. 

Analysis of Unfractionated Hhxtract-—The crude extract was analyzed for 
free and total sterols by the Schoenheimer-Sperry method (4), but with 
readings of optical density at 1.5 as well as 30 minutes, as suggested by 
Moore and Baumann (1). Readings taken in this way permitted a calcu- 
lation of the total concentrations of fast acting sterols and of cholesterol, 
and of the concentrations in the unesterified fraction. Subtraction of the 
latter concentrations from the former gave the concentrations of fast acting 
sterols and of cholesterol in the esterified fraction. These results are shown 
in Table I, Lines 1, 3, and 5. It is evident that the sterols liberated by 
hydrolysis contained a much larger fraction of fast acting components than 
did those precipitated by digitonin before hydrolysis. 

Analysis by Chromatography—60 ml. of the extract were evaporated to 
dryness, and as much as possible of the residue was dissolved in benzene 
without previous hydrolysis. This solution was chromatographed on si- 
licic acid-Super-Cel, as described above. A sharp peak containing the 
mixed esters emerged after little more than 1 column volume of solvent 
had passed through the column, well ahead of the free sterols. The first 
peak shown in Fig. 1, owing to the previously undescribed sterol, was com- 
pletely missing. The free cholesterol and lathosterol peaks appeared in 
their usual positions. The fractions containing the esters were pooled and 
evaporated to dryness. The esters were hydrolyzed with alcoholic KOH. 
The sterols liberated were precipitated with digitonin, recovered, and again 
chromatographed. This second chromatogram contained a large peak due 
to the unknown sterol, a cholesterol peak, and a lathosterol peak relatively 
much larger than those seen in chromatograms of total skin sterols after 
hydrolysis. The results of the analysis of the extract, based on these two 
chromatograms, are shown in Table I, Lines 2, 4, and 6. Table I permits 
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fact } a direct comparison of the cholesterol concentration in the total, free, and 
mn, esterified fractions, as determined by this chromatographic method, with 


der TABLE I 
eX- Analysis for Sterols of Acetone Extract of Rat Skin, Colorimetrically on Crude Extract 
d. and after Chromatographic Separation 3 
ebb All data are given in mg. per gm. of wet tissue. 
en- Fraction Method | Unknown Cholesterol 

1 Total Unseparated 0.512 1.63 

2 Separated 0.395 0.081 0.476* 1.65 
ted 3 Free Unseparated 0.111 1.27 
ren 4 Separated — 0.114 0.00 0.114* | 1.34 
wee 5 Esterified Unseparated | 0.401f | 0.367 

6 Separated | 0.281 0.081 0.362* 0.31 
for The rat weighed 232 gm., and the skin (including hair) 23 gm. The volume of the 
ith acetone extract was 250 ml. In the analyses made on the unfractionated mixture, 
by the ratios of cholesterol to fast acting sterols were calculated by means of the formula 

given by Moore and Baumann (1). Use of this formula involves a small error, be- 

- cause the fading of the color is slightly less for the unknown sterol than for latho- 
‘al, sterol. The maximal absorptions for both, read at 1.5 minutes, are approximately 
the equal. In the analyses on the separated components, the data for the free sterols 
ing were obtained from the first chromatogram, in which the mixed esters were sep- 


arated. The esterified sterols were rechromatographed after hydrolysis. 


wn 
b * By addition of the fourth and fifth columns. 
y + By subtraction of Line 3 from Line 1. 
an 
J 15. 
to 3 
ne = i 
< 
he 2 
nt © 05; | 
‘st 
in 20 40 60 80 100 
id EFFLUENT IN ML. 
H Fic. 1. Chromatogram of sterols of rat skin. The column was 20 cm. long and 1 
a3 cm. in diameter. The first peak to emerge is the unknown fast acting sterol, the 
In second is cholesterol, and the third lathosterol. 
ue 


ly the corresponding values as measured by the Schoenheimer-Sperry method 
er on the unfractionated extract. By adding together the concentrations of 
vo §. lathosterol and of the unknown (fourth and fifth columns), a value for mixed 
ts fast acting sterols in the various fractions can be obtained and compared 
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with the analysis of the unfractionated extract. The agreement is fairly 
satisfactory, when the large amount of manipulation involved is considered, 


Analysis by Chromatography after Precipitation of Free Sterols with Digi- } 
tonin—As a further check, the free and esterified sterols from another 60 | 
ml. aliquot of the extract were separated by digitonin precipitation rather | 
than by chromatography. After removal of the digitonides of the free | 
sterols by centrifugation, the esterified fraction was isolated from the super- | 


natant fluid as follows: The supernatant fluid was evaporated to dryness, 


and the sterol esters were dissolved in ether, the excess digitonin being | 


TABLE II 


Per Cent Composition of Total Sterol Mixture of Rat Skin, and of Free and 
Esterified Fractions, Calculated from Various Separations 


eae | Per cent composition 
| Total | Free | Esterified 

Lathosterol Column 18.6 7.9 | 41.7 
as | Digitonin 20.1 7.2 48.2 
Unknown | Column 3.8 0.0 12.0 
“ | Digitonin 3.4 0.0 | 10.8 
Cholesterol | Column | 77.6 92. | 46.2 
Digitonin 76.5 | 92.8 | 40.9 


As is evident from Table I, the recovery from the columns was approximately 
quantitative within the experimental error when the esters were removed by chro- 
matography. When the digitonin method was used, only about 75 per cent of the 
total sterols was ultimately recovered from the columns. The percentages given 
above are based on the material actually emerging from the columns. The small 
discrepancies between the two methods may be due to non-uniform distribution of 
these losses. 


left behind as an insoluble residue. The ether solution was evaporated to 
dryness, and the esters were hydrolyzed by adding 5 ml. of 15 per cent KOH 
in 95 per cent ethanol and refluxing for3 hours. 5 ml. of water were added, 
and the sterols were extracted with four 20 ml. portions of petroleum ether. 
The petroleum ether extract was evaporated to dryness. The sterols were 
dissolved in 1:1 acetone-ethanol and precipitated with digitonin. Both 
free and esterified fractions were recovered from the digitonide and chromat- 
ographed. The percentage compositions of the fractions are shown in 
Table II, compared with a similar calculation for the analysis in which the 
esters were separated from the free sterols by chromatography. By both 
methods, the unknown sterol fell entirely in the esterified fraction. By 
the column separation, lathosterol was 71.1 per cent esterified, and choles- 
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terol 18.8 per cent. When the separation into free and esterified fractions 


ly 
d. was made with digitonin, the percentages were 75.2 and 16.8, respectively. 
“a DISCUSSION 


The surprising distribution of the fast acting sterols between free and 
esterified fractions has probably escaped earlier detection because of the 
common practice of saponifying tissues prior to extraction. 

In our hands, the azoy] ester of the less polar fast acting sterol behaves 
chromatographically like the azoyl ester of cholesterol, a circumstance 
which probably accounts for the fact that this compound was not detected 
by Idler and Baumann (8). 

Taylor, Paul, and Paul (6) reported the total cholesterol content of fe- 
_ male albino rat skin as 0.248 per cent, wet weight, with 0.132 per cent un- 
- | esterified. They homogenized the tissue and extracted it rather thoroughly 
_ with various solvents and then applied the Schoenheimer-Sperry method. 
Our results agree with theirs within about 12 per cent, if we make calcu- 
- | lations from the colorimetric readings at 30 minutes, without regard to the 
existence of sterols other than cholesterol. 

There is some reason to believe that lathosterol is an intermediate in 
cholesterol synthesis (7, 8). Furthermore, we have evidence, to be pre- 
sented in detail later, suggesting that the unknown compound mentioned 
here occupies a similar role. If these compounds are indeed intermediates, 
- | the fact that they pile up in rat skin may be related in some way to their 
state of esterification. 


e SUMMARY 


ll The sterols of rat skin were extracted with acetone without saponifica- 
of tion. The Schoenheimer-Sperry method was applied to an aliquot of the 
extract, but with colorimetric readings at 1.5 as well as 30 minutes after 
addition of the reagents. This analysis provided values for total, free, and 
esterified cholesterol and fast acting sterol. The sterols of additional ali- 
quots of the extract were divided into free and esterified fractions, both 
chromatographically and by precipitation with digitonin. The free and 
esterified fractions were further separated into their components by chro- 
matography on silicic acid. By these various procedures, less than 20 per 
cent of the cholesterol but more than 70 per cent of the lathosterol appeared 
to be esterified. A previously undescribed fast acting sterol was present 
entirely in esterified form. 
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In past years, malonate has been extensively used in mammalian systems 
in vitro as an inhibitor of the citric acid cycle with very little attention given 
its metabolism per se. Lifson and Stolen (1) demonstrated the conversion 
of C8-labeled malonate to carbon dioxide in the intact mouse. Later, Lee 
and Lifson (2) found that the administration to rats of doses of C-labeled 
malonate at an inhibiting concentration resulted in the excretion of C'%- 
labeled succinate in the urine. These findings indicate that malonate is 
an active metabolic substrate in the intact rat. Recently, Wick, Wolfe, 
and Nakada (3), using eviscerated-nephrectomized rabbits, showed that 
malonate is a poor inhibitor 72n vivo of acetate oxidation. Further investi- 
gation indicated that an inhibitory intracellular concentration of malonate 
was not obtained, due to the slow entry of malonate into the cells from the 
extracellular compartment and the concomitant removal of intracellular 
malonate by oxidation (3). 

Wolfe, Ivler, and Rittenberg (4) and Hayaishi (5) have reported inde- 
pendently on the enzymatic decarboxylation of malonate by purified en- 
zyme systems from Pseudomonas fluorescens. These workers have shown 
that malonate is activated in the presence of adenosine triphosphate! and 
coenzyme A to form malonyl coenzyme A, which is subsequently decar- 
boxylated to acetyl CoA and carbon dioxide. 

The present study was undertaken to investigate the metabolism in 
vitro of malonate by rat tissues and to test for the possible occurrence of 
the microbial mechanism in the degradation of malonate by mammalian 


tissues. 
Methods 


Preparation and Incubation of Tissues—Young male rats (Slonaker 
strain) were killed by decapitation, and the organs were quickly removed 


* This investigation was supported in part by research grant No. 291 from the Di- 
vision of Research Grants and Fellowships of the National Institutes of Health, 


United States Public Health Service. 
1 The following abbreviations are used in this paper: ATP, adenosine triphosphate ; 


ADP, adenosine diphosphate; CoA, coenzyme A. 
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and chilled in cold isotonic saline. Slices of liver, kidney, and spleen were | 
prepared, by using the Stadie-Riggs tissue slicer; heart, brain, and lung | 
slices were cut free-hand; testes cells were teased apart; and diaphragms | 
were used intact. Tissue slice experiments were carried out in the con- | 
ventional manner with the Warburg apparatus, and incubations were | 
generally run at 37° for 2 hours with oxygen in the gas phase. Krebs. | 
Ringer phosphate buffer (pH 7.4) was used for all slice experiments (6). | 
Tissue homogenates were prepared by the Potter-Elvehjem technique | 
in a medium consisting of KCl (70 parts of 1.15 per cent), NaF (10 parts of | 
1.15 per cent), MgSO, (2.5 parts of 3.42 per cent), and phosphate buffer | 
(pH 7.5; 14 parts of 0.1 m). Mitochondria were prepared by the sucrose | 


fractionation procedure of Schneider and Hogeboom (7). 


Materials—Methylene C"*-labeled malonate was obtained from the Volk | 
Radiochemical Company; diethyl carboxyl-C™-labeled malonate was ob- | 
tained from Tracerlab, Inc., and converted to the disodium salt. Coen- : 


zyme A and adenosine triphosphate were purchased from the Pabst Brew- 
ing Company. 


Hydroxylamine Trapping Experiments—Hydroxylamine trapping ex- | 


periments were conducted according to the method of Lipmann (8) with 
the exception that mitochondria were used as the enzyme source. Hydrox- 
amates were determined by the method of Lipmann and Tuttle (9), and 


paper chromatography of the hydroxamates was carried out by the method | 


of Stadtman and Barker (10). 

Acetoacetate Isolation—The acetone moiety of acetoacetate was isolated 
as the HgSO, complex by the method of Van Slyke (11). The isolated 
acetone complex was decomposed by HC] and the acetone distilled and 


reprecipitated as the mercury complex. 


Results 


By using the conversion of malonate-1-C' to CO: as an index, the dis- 
tribution of enzymatic activity toward malonate by different organs of 
the rat was tested. As shown in Table I, slices of kidney, liver, heart, and 
diaphragm were capable of rapidly converting carboxyl-C'-labeled mal- 
onate to CQ»2, whereas spleen, brain, testes, and lung were found to metabo- 
lize malonate slowly. A control flask containing substrate and buffer was 
carried through the experiment to test for the non-enzymatic breakdown 
of malonate; no such decarboxylation was detectable under these condi- 
tions. 

Hayaishi (5) reported that, of the various mammalian tissue homogenates 
tested, only rat kidney homogenate was capable of decarboxylating mal- 
onate. In view of our findings it is apparent that the enzyme systems 
necessary for malonate decarboxylation are not stable to the cell rupture 


process. 
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The effect of increasing malonate concentrations on CO: production 
from acetate-1-C' and malonate-2-C" by rat kidney slices is given in Fig. 1. 
Curve 1 confirms the drastic inhibitory effect that malonate has on acetate 
oxidation 2n vitro. 


TABLE 
Survey of Several Rat Tissues for Ability to Oxidize Malonate 


Each flask contained disodium malonate-1-C (0.005 m), Krebs-Ringer phosphate 
buffer (pH 7.4) to a total volume of 2 ml., and approximately 300 mg. of tissue slices. 
(Diaphragms were used intact and testes cells were teased apart.) Incubations 
were carried out for 1 hour at 37° with air in the gas phase. 


6 
5 
14 
a cetate-I-C + malonate 
abo alonate-I-C 
uJ 


0.02 

MALONATE CONC. (M.) 
Fic. 1. Effect of increasing concentrations of malonate on the oxidation of acetate- 
1-C', malonate-1-C, and malonate-2-C™ by rat kidney slices. Each flask contained 
approximately 300 mg. of rat kidney slices in a total volume of 2 ml. of Krebs-Ringer 
phosphate buffer (pH 7.4) plus the substrates. The concentration of acetate-1-C™ 
was 0.005 m. The flasks were incubated for 2 hours at 37° in an atmosphere of oxygen. 


The rate of CO, formation from methylene-labeled malonate (Curve 3) 
reaches a peak at about 0.003 m malonate concentration and, as the con- 
centration was increased, almost complete self-inhibition was obtained. 
Such an effect would be expected if methylene-labeled malonate was decar- 
boxylated to methylene-labeled acetate. The methyl-labeled acetate thus 
formed by the decarboxylation of malonate could then be oxidized via the 
citric acid cycle. At high concentrations of malonate, methyl-labeled 
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acetate is being formed but little or no methyl carbon oxidation occurs due 
to inhibition of the citric acid cycle. 

This mechanism is further supported by Curve 2, which indicates how 
CO, production changes when the concentration of carboxyl-labeled 
malonate is increased. A peak conversion to COs, occurs around 0.005 m, 
and at higher concentrations the curve drops, then levels off with only a 
50 per cent inhibition of the maximal rate of C'*O2 formation. Thus the 
optimal concentration could represent a combination of malonate decar- 
boxylation and carboxyl-labeled acetate oxidation. As the concentration 
of malonate increased, inhibition of the citric cycle occurred, resulting in 
the lowering of acetate oxidation. The decarboxylation of malonate to 
the acetate level continued, however, as shown by the leveling off of CO, 
production from carboxyl-labeled malonate (Curve 2) at a level that was 
substantially higher than the malonate-inhibited oxidation of carboxy]- 
labeled acetate (Curve 1). 

One of the main uses for malonate in the past has been to block the citric 
acid cycle in liver preparations, thereby shunting the metabolism of ace- 
tate from oxidation into acetoacetate formation. If the postulate that 
malonate is converted directly to an acetyl derivative is correct, then radio- 
active malonate, when incubated with rat liver slices, should result in the 
formation of radioactive acetoacetate. Such an experiment was conducted 
and the acetone portion of acetoacetate was isolated as the mercuric sulfate 
acetone complex. The results of this experiment are shown in Table II. 
The respired CO, values were as expected, with about twice as much label 
from the carboxyl carbons as was found from the methylene carbon. On 
the other hand, the counts recovered from the acetone showed that twice 
as much activity was incorporated from the methylene carbon. The ace- 
tone portion of acetoacetate was the only part isolated because of the possi- 
ble non-enzymatic decarboxylation of substrate malonate. 

The sequence of reactions leading from malonate to acetoacetate, by 
use of carboxyl-labeled malonate as an example and by omitting the ac- 
tivating steps for simplicity, can be formulated as follows: 


* * * * 
(1) HOOC—CH.—COOH — CH; —COOH + CO; 
* * * 
(2) 2CH;—COOH CH;—CO—CH,—COOH 
* * * * 
(3) CH;—CO—CH:—COOH — CH;—CO—CH; + CO, 


Thus carboxyl-labeled malonate would lead to the formation of acetone- 
labeled malonate only in the carbonyl] position. If methylene-labeled mal- 
onate were substituted in these equations, the acetone moiety isolated 
would be labeled in both methyl groups. The ratio of 2:1 for the activities 
obtained in the acetone from methylene- and carboxyl]-labeled malonates, 


ay 
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respectively, is in agreement with the scheme postulated above. In fact, 
no other theoretical pathway that we could devise, aside from a conversion 


TABLE II 
Acetoacetate Formation from C%-Malonic Acid by Rat Liver Slices 


C' per gm. tissue per hr. converted to 
Substrate 
Respired CO2 Acetone 
Malonate-1-C' 9.8 4.5 
7.0 5.0 
Malonate-2-C'4 4.0 | 9.4 
4.1 | 10.3 


Each flask contained approximately 300 mg. of liver slices suspended in Krebs- 
Ringer phosphate buffer (pH 7.4) and 0.02 m malonate. Total volume, 3.0 ml.; 
incubated 2 hours at 37° with Oz in the gas phase. 


TABLE III 


Complete System Necessary for Maximal Malonate Oxidation 
by Aged Rat Kidney Mitochondria 


pumoles 
Complete system 2.54 
“minus CoA 0.79 


The complete system contained CoA (50 units), ATP (20 umoles), malonate-1-C™ 
(20 umoles), MgCl. (40 umoles), glutathione (20 uwmoles), Tris(hydroxymethyl)- 
aminomethane buffer (pH 7.5, 20 umoles), mitochondria (1 ml.), and water to make 
a total volume of 2.0 ml. The mitochondrial suspension was made up so that each 
ml. contained mitochondria from 0.5 gm. of original tissue (wet weight). The mito- 
chondria were aged at 4° for 5 hours between the second and third centrifugation. 
Incubations were carried out at 37° for 1 hour. 


of malonate to acetate (or acetyl derivative) and COz, would explain the 
2:1 ratio obtained. 

Preliminary studies with rat kidney homogenates indicated that a loss 
of malonate decarboxylase activity occurred during the homogenization 
procedures. This would confirm the low activity found by Hayaishi (5) 
in this type of preparation. In subsequent studies it was found that the 
malonate decarboxylase system was associated with the particulate frac- 
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tion. Rat kidney mitochondria were used as the enzyme source for further 
investigations. 

Initial studies with mitochondria suggested that CoA, ATP, and Mg++ 
were necessary for maximal conversion of carboxyl-labeled malonate to 
C¥“O,. However, the differences between the supplemented and unsupple- 
mented controls were not great, and it seemed desirable to deplete the 
kidney mitochondria of bound CoA and ATP further. This was accom- 
plished by aging the mitochondrial preparation for 5 hours at refrigerator 
temperatures between the second and third washings. Reexamination 
clearly indicated that CoA, ATP, and Mgt+ were involved in the decar- 
boxylation of malonate by these preparations (Table III). 

The involvement of ATP, CoA, and Mg** in the decarboxylation of 
malonate suggested that a CoA-activated malonate was found during the 


TaBLeE IV 


Effect of CoA on Hydroxamate Formation from Malonate 
by Rat Kidney Mitochondria 


Experiment No. Preparation Increase in hydroxamate 
umole 
1 Fresh mitochondria 0.30 
2 Aged A 0.85 
3 0.62 


The reaction vessels contained all the components for the complete system (Table 
III) plus 0.4 mmole of hydroxylamine. The control flasks contained all the com- 
ponents except CoA. The flasks were incubated at 37° for 30 minutes. 


course of the reaction. Hydroxylamine was used as a trapping agent to 
detect the possible formation of such an intermediate. One flask contained 
all components for the complete system plus hydroxylamine, and the con- 
trol flasks contained all components except CoA. After 30 minutes incu- 
bation, the total hydroxamates formed were determined by the method of 
Lipmann and Tuttle (9). The increase in hydroxamate ester due to CoA 
is presented in Table IV. 

The identity of this hydroxamate ester was checked by paper chromatog- 
raphy. An experiment similar to the one given on Table IV was run and, 
after removal of the mitochondria, the contents of the reaction vessels 
were evaporated to a small volume, extracted with alcohol, and analyzed 
by paper chromatography by the method of Stadtman and Barker (10). 
The R, values for the known hydroxamates (Table V) were identical with 
those found by Hayaishi (5). The only hydroxamate spot found from 
the extract of the incubation mixture had an FR, value that corresponded 
to the value for malonyl] monohydroxamate. 
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The mechanism for malonate degradation appears to be similar to that 
found in P. fluorescens (4, 5), and can be formulated as follows: 


Mg*t 
(1) Malonate + CoA + ATP et malonyl-CoA + ADP 
(2) Malonyl-CoA — acetyl-CoA + CO, 
(3) Acetyl-CoA — acetoacetyl-CoA 


citric acid cycle 


(4) Acetyl-CoA CO, 


The requirement for CoA, ATP, and Mg*+ for maximal malonate de- 
carboxylase activity and the demonstration of malonyl monohydroxamate 
formation indicate that step (1) is necessary for malonate metabolism. 
Whether or not this activation is catalyzed by a specific kinase is not 
known. 


TABLE V 
Identification of Malonyl Hydroxamate by Paper Chromatography 


Compound | Rr 
Known acetyl hydroxamate | 0.51-0.54 
malonyl dihydroxamate | 0.1-0.15 
monohydroxamate | 0.35-0.38 


Alcohol extract of hydroxylamine trapping experiment 0.36 


The chromatogram was developed with water-saturated butanol on Whatman No. 
1 filter paper. The hydroxylamine trapping experiment was identical with the ex- 
periments given in Table IV. 


The formation of labeled acetoacetate during the decarboxylation of 
labeled malonate and the ratio of isotopic carbon recovered in the acetone 
moieties derived from carboxyl- and methylene-labeled malonates show that 
acetate or an acetyl derivative is a product of malonyl-CoA degradation. 
Acetyl-CoA is the most likely acetyl derivative to be formed under these 
circumstances, and its fate can be accounted for by known routes of deg- 


radation. 


SUMMARY 


1. The extent and pathway for malonate degradation by rat tissues have 
been studied. Slices of kidney, liver, heart, and diaphragm rapidly me- 
tabolized malonate, while spleen, brain, testes, and lung were relatively 
inactive in this respect. 

2. Rat liver slices converted appreciable quantities of C'*-labeled mal- 
onate to acetoacetate. The ratio of activities of 2:1 obtained in the ace- 
tone moiety from methylene- and carboxyl-labeled malonates, respectively, 
indicates a direct conversion of malonate to acetate. 

3. The requirement for added CoA, glutathione, ATP, and Mg** tor 
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maximal activity by rat kidney mitochondria indicates that malonyl-CoA 
formation is necessary for decarboxylation. 

4. Increased hydroxamate formation and identification of malonyl- 
hydroxamate by paper chromatography confirm that malonyl-CoA and 
subsequent decarboxylation are the degradation pathway for malonate. 
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A method for measuring the total CO2 output of the unrestricted animal 
by means of D208 has been found to give values for the COz output of 
normal mice which differ by an average of 7 per cent from those actually 
collected (1, 2). The purpose of the present paper is to present the results 
of a similar comparison between calculated and observed values for the 
total COz output of hereditary obese mice of the type studied extensively 
by Mayer (3). These mice have a grossly abnormal body composition; 
they frequently reach weights 2 to 3 times that of their litter mate con- 
trols, and the excess weight is almost entirely fat. Moreover, they were 
found by Mayer et al. to have a greatly decreased basal metabolic 
rate per unit weight, based on measurements of oxygen consumption (4). 
Therefore, if the D.O'8 method were to give accurate results for these ani- 
mals, the validity of the assumptions underlying the method would be 


strengthened. 


Methods 


The total CO. outputs of seven hereditary obese mice purchased from 
the Roscoe B. Jackson Memorial Laboratory, Bar Harbor, Maine, were 
studied. The mice weighed between 51 and 77 gm. at the time of the ex- 
periment. The calculated CO: output of each animal was obtained by 
the D,08 method by using the formula (2) 

N 
2.08 


Total CO, output = ( 
where N is the total body water of the animal in millimoles,! Ko1s and Kp 


— Kp) — 0.03rg (1) 


* This investigation was supported in part by a research grant (G-3483-Phys.) 
from the National Institutes of Health, Public Health Service, and by a research 
grant (NR115-366) from the Office of Naval Research. 

1 The value used for N in applying the formula was that obtained by desiccation. 
Actually, account should be taken of the initial volumes of distribution of the iso- 
topes and their subsequent incorporation into or exchange with bodily constitu- 
ents other than water. Perhaps the chief element of empiricism in the D,O0¥ method 
is in the use of the simple desiccation value for N. 
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are the fractional turnover rates per day of O'8 and D, respectively, in the 
body water, rg is the rate of evaporative water loss in millimoles per day 
estimated by subtracting the daily urinary volume from the total water 
turnover (KpJN), and At is the length of the experimental period in days. 
This calculated value was compared with the observed CO: output of the 
animal, determined by placing the animal in the chamber shown in Fig. | 
and collecting the CO, in NaOH traps. 

Since the measurement of daily urinary volume is somewhat uncertain 
in a metabolism chamber and not practicable in the case of a totally un- 


a a a 
Fie. 1. Train for collection of total CO2. a, CO2z traps containing 7.5 n NaOH; 
b, metabolism chamber; c, drinking tube; d, side arm for urine collection. 


restricted animal, and since the urine volume does not represent the total 
liquid water loss of the animal, calculations of the total CO2 outputs were 
also made in which the liquid water loss was assumed to be a constant 
fraction of the daily water turnover. The volume collected in the side arm 
of the metabolism chamber was erroneously low because of loss of urine 
into the center well of the chamber, evaporation of the urine from the walls 
of the chamber before it reached the side arm, and neglect of the fecal water. 
A value of 50 per cent of the total water turnover, just above the highest 
percentage observed, was chosen arbitrarily, in contrast to an average ob- 
served value of approximately 20 per cent collected in the metabolism } 
chamber. Equation 1 thus becomes 


N 
Total CO, output Kp) 0.015ApN )a (2) 


2) 
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Since the rg term of Equation 1 is multiplied by 0.03, a large error in the 
estimation of the liquid water loss, and therefore of the 7g term, will result 
in only a small percentage difference in the calculated CO, output. 

The methods used were the same as those described for normal mice (2). 
The isotopic water was injected intraperitoneally, except that in four ani- 
mals the H,O'8 was provided as drinking water. Blood samples from the 
tail were used to determine the initial levels of isotope in the body water, 
and final blood samples were obtained by decapitation. The experimental 
periods were from 1 to 3 days, as for normal mice. 


TABLE I 


Summary of Data Including Comparison between Observed COz Outputs 
and Those Calculated by Equations 1 and 2 


CO2 CO: 
Average CO: (ob- 
7, N Kow Kp Al served) Error Error 
mmoles | per day| per day rong days | mmoles | mmoles per cent mmoles per cent 
17 845 |0.641/0.422; 182 2.87 273 240 —12 240 —12 
19 954 |0.519!0.326| 205 2.81 255 231 —10 235 —S§& 
24/1 1155 |0.733|0.474) 475 0.92 128 119 —7 125 —2 
25 | 1068 |0.500/;0.310; 289 1.87 191 166 —13 173 —9 
26 | 1245 |0.611;0.412; 463 1.90 225 200 —11 212 —6 
27 | 1077 |0.497;|0.269; 261 1.72 189 190 +1 196 +4 
28 | 1429 |0.590/0.359| 452 1.75 244 254 +4 264 +8 
Mean absolute error + 8+ 4 7+3 


* Mice 17, 19, 24, 25, and 26, males; Mice 27 and 28, females. 


Results 


Table I shows a comparison between the observed CO, outputs and those 
calculated by using Equation 1, together with the values which were sub- 
stituted into this equation. The average absolute difference between the 
COz2 output calculated by Equation 1 and the CQ: actually collected is 
8 (+4) per cent,? while the average discrepancy, the algebraic sign being 
taken into account, is —7 (+7) per cent. 

CO, outputs calculated by use of Equation 2 are also given in Table I 
and are compared with the observed CO, outputs. The average absolute 
discrepancy between the two sets of measurements was 7 (+3) per cent, 
and the average discrepancy, the algebraic sign being taken into account, 
was —4 (+7) per cent. 


2 The values in parentheses are the standard deviation of the distribution. 
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DISCUSSION 


The standard deviation of the CO, determination, calculated from the 
estimates of the standard deviations of the four isotope determinations, 
was found to be approximately 11 mmoles or +5 per cent for an average 
2 day experiment. Thus uncertainty of the measurements, particularly 
of the isotope levels of the final samples, could account for much of the 
discrepancy between calculated and observed CO, outputs. However, the 
CO: outputs calculated by Equation 1 are quite consistently lower than 
the observed values. The underestimation of the liquid water loss in us- 
ing the volume of collected urine and the consequent overestimation of the 
rg term, as described above, are responsible for a part of the low value ob- 
tained when Equation 1 is used. When a larger value is used for the liquid 
water turnover (Equation 2), the average discrepancy between observed 
and calculated CO, outputs (—4 per cent) is decreased to about one-half 
that for Equation 1 (—7 per cent). The former mean cannot be shown to 
be significantly different from 0 and is also within the standard deviation 
expected from uncertainty in the measurements. In normal mice the av- 
erage absolute discrepancy was 7 (+7) per cent, and the average algebraic 
discrepancy was —3 (+10) per cent (2). Therefore the isotope method, 
especially with the assumption that evaporative water loss is equal to one- 
half the total water turnover, appears to be as accurate for the obese mice 
as for the normal ones. 


SUMMARY 


The DO method for measuring total CO2 output has been tested in 
hereditary obese mice by comparing the value obtained by this procedure 
with the total CO: actually collected. The average absolute discrepancy 
between the two values was 7 (+3) per cent, and the average algebraic 
discrepancy was —4 (+7) per cent. It is concluded that the method is 
as accurate for the obese mice as for the normal ones. 


The authors wish to thank Miss Colleen Rehder and Mrs. Ruth Deal 
for valuable technical assistance. We are also indebted to Mr. Bailey 
Donnally, Mr. Charles Bollenbacher, and Mr. Harold Liemohn for per- 
forming the mass spectrographic isotope analyses under the supervision of 
Dr. A. O. Nier. 
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STUDIES ON NUCLEOPROTEINS 
V. INTERACTIONS* 
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(Received for publication, September 20, 1956) 


In continuation of our previous studies on deoxypentose nucleoproteins 
(1-5), we discuss here the interaction, under a variety of conditions, be- 
tween calf thymus nucleohistone and substances of acidic or basic char- 
acter, such as deoxyribonucleic acid and histone of calf thymus and several 


dyes. 


In Paper I of this series (2) the properties of nucleohistone isolated from 
calf thymus under mild conditions not conducive to the dissociation of the 
conjugated protein were discussed and compared with those of preparations 
that had been in contact with strong salt solution. Little difference was 
found between these two types of material. This was surprising since the 
extensive separation between histone and nucleic acid at high salt concen- 
trations forms the basis of almost all procedures for the isolation of de- 
oxypentose nucleic acids (6). There was no ground for considering the 
reconstituted nucleohistone as an artifact; both the native and the recon- 
stituted preparations retain the solubility in electrolyte-free water, a prop- 
erty not usually shown by artificially produced histone nucleates (3, 6). 

It appeared, therefore, of interest to study the interaction of pacleo- 
histone with positively and negatively charged substances, both in the 
absence and in the presence of salt. Congo red and deoxyribonucleic acid 
itself were chosen as acidic compounds, and methylene blue, neutral red, 
and histone as basic reagents. 


EXPERIMENTAL 
| Materials 
Dyes—Commercial preparations of the following dyes were employed: 


methylene blue (Merck), neutral red and —— red (both from the Allied 
Chemical and Dye Corporation). 


* This work has been supported by research grants from the American Cancer 
Society, upon recommendation of the Committee on Growth of the National Re- 
search Council, and from the Rockefeller Foundation. 

t Holder of a Fellowship in the Medical Sciences of the Rockefeller Foundation, 
administered by the National Research Council, 1951-52, and Fellow of the National 
Foundation for Infantile Paralysis, 1952-53. Present address, Department of 
Pathology, College of Medicine, University of Florida, Gainesville, Florida. 
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Sodium Deoxyribonucleate (DN A)—Four preparations from calf thymus | 
were used, of which one has been noted previously as Preparation O-2 (3). [| 
The three others were made by the procedure briefly mentioned in Paper I 
of this series (2) and described in detail in a recent review ((6) p. 326). 
These preparations, when freed from moisture, contained P, 9.2, 9.0, and 
9.2 per cent, respectively, and negligible amounts of pentose nucleic acid 
(less than 0.4 per cent) and protein. 

Histone—This protein was isolated as the chloride with the avoidance 
of acid and alkali by a previously recorded procedure (2, 6). 

Nucleohistone—The substances were isolated and designated as described 
before (2). Thus, a nucleohistone extract that had not been in contact 
with higher than isotonic salt concentrations is designated NHE; nucleo- 
histone preparations precipitated at 0.15 m NaCl are referred to as N-NH 
when the direction of the adjustment to this molarity was upward from an 
aqueous solution and as R-NH when it was downward from a solution in 
mM NaCl. | 

The average ratio of protein to phosphorus was, in NHE (twenty prepa- 
rations), 15.2; in N-NH (seven preparations), 11.7; in R-NH (seven prep- 
arations), 12.0. The respective coefficients of variation were 8, 4, and 7 
per cent. An average of 94.0 per cent of the phosphorus present in the 
original nucleohistone extract (NHE) was precipitable at 0.15 m NaCl, 
both in the N-NH and the R-NH preparations. 


Procedures 


Analytical—Most of the methods employed have been noted before (2). 
The dyes were estimated from the optical density, at their absorption 
maxima, of solu.ions suitably diluted with a 0.15 m NaCl solution. The 
solutions of neutral red were adjusted to a 0.1 nN HCl concentration, before 
‘pectroscopy, and those of Congo red to a 0.1 N KOH concentration. So- 
lutions containing, per ml., no more than 8 y of neutral red, 50 y of Congo 
red, or 10 y of methylene blue showed extinctions obeying Beer’s law. 

Preparative—All operations, except those specially noted, were carried 
out at 4-6°. Distilled water and salt solutions were adjusted to pH 7 by 
the addition of a minimal quantity of NaHCO;. Stock solutions of the 
dyes were prepared in distilled water. DNA and histone solutions (0.1 to 
0.4 per cent) were prepared by suspending the substances in distilled water 
and shaking gently overnight in the cold. The DNA solutions were freshly 
made for each experiment, and the histone solutions were clarified by centri- 
fugation. 

The isotonic precipitation of nucleohistone in all cases was carried out 
in the manner described before (2). The proportions were always so 
chosen that there resulted a nucleohistone precipitate (containing 200 to 
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1400 y of nucleohistone P) in 60 ml. of 0.15 m NaCl. In the experiments 
on heterogeneous interaction, 0.5 to 2 ml. of a solution containing the de- 
sired reagent (dye, DNA, or histone) were added immediately after the 
precipitation of the nucleohistone. The mixtures were kept for 30 minutes, 
with frequent stirring, and then centrifuged (15 minutes, 2000 X g). In 
the experiments on homogeneous interaction, the reagent was added to the 
solution of nucleohistone in water or in strong salt 0.5 hour before precipi- 
tation by adjustment to a 0.15 m NaCl concentration. The composition 
of the products resulting from heterogeneous, and of the coprecipitates 
resulting from homogeneous, interaction was computed from the analysis 
of the clear supernatant fluids collected after centrifugation. 


TABLE I 
Heterogeneous Interactions with Nucleohistone Precipitates 
| Nucleohi Weight ratio | = ee Added 
Reagent ome P in Reagent | reagent 
mein periment Nucleohistone P solution bound 
before pptn. 

msg | M per cent 

1 Congo red 0.28 25 oe 5 

| 1.0 0 

2 Neutral red 0.45 23 a 97 

| 1.0 97 

3 Methylene blue 0.23 | 27 ae 14 

| 1.0 25 

Interaction 


Heterogeneous—A few experiments on the binding of dyes by freshly 
precipitated nucleohistone have been selected in Table I. In general, the 
electrolyte concentration of the nucleohistone solution from which it was 
precipitated before being treated with the dye had little effect on the 
amount of reagent bound. Even in the case of methylene blue, the differ- 
ence exhibited in Experiment 3 disappeared at other reagent concentrations. 
The quantities of dye bound varied somewhat for different ratios of reagent 
to nucleohistone, but the trend indicated in Table I was maintained. 

Homogeneous—The binding of several basic substances, vzz. histone, neu- 
tral red, and methylene blue, by nucleohistone in solution is illustrated in 
Table II. The substances differed in the manner in which they combined 
with nucleohistone. The per cent of added histone bound decreased with 
an increasing weight ratio of excess histone to nucleohistone phosphorus. 
Under optimal conditions, considerably more histone than was present in 
the original nucleohistone preparation could combine with the latter. This 
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combination even with extreme amounts of excess histone did not increase 
the solubility of the products at 0.15 m NaCl. Neutral red was equally 
well bound over a considerable range of concentration. Methylene blue, 
when added in small amounts, combined with nucleohistone only to a 
slight extent; much more of this dye was bound when it was present in 
larger quantity, possibly owing to the replacement of some of the histone. 
Nucleohistone preparations that had been in contact with strong salt solu- 
tion before precipitation were able to bind more histone, and also more 
methylene blue, than those dissolved in water. 


TaBLeE II 
Homogeneous Interactions of Basic Substances with Nucleohistone Solutions 
Added reagent bound by 
periment Nucleohistone P 
0 mu 1.0 
mg. per cent per cent 
4 Histone 0.46 4.6 100 92 
13.9 77 77 
17.8 67 73 
23.3 58 68 | 
35.0 47 60 
5 Neutral red 0.78 0.7 85 87 
1.3 89 90 
13.2 92 96 
6 Methylene blue 0.49 1.3 13 16 
12.7 15 94 
25.3 81 97 


The difference between nucleohistone precipitated from aqueous solution 
and that brought down from mM NaCl solution is much more accentuated 
when the coprecipitation of added DNA is compared under these two sets 
of conditions. A series of such experiments is shown in Fig. 1. It will be 
seen that, especially with a high ratio of excess DNA to nucleohistone 
phosphorus, much more is bound in m NaCl than in the absence of electro- 
lytes._ These experiments were carried out with NHE preparations, but 
the prior history of the nucleohistone has no effect on the outcome. Sim- 


1 When the precipitation was performed from solutions in 0.6, 0.7, 0.8, or 0.9 M 
NaCl, the amounts of added DNA bound by NHE, N-NH, or R-NH were almost of 
the same magnitude as those bound upon coprecipitation from M NaCl. Thus, there 
was no marked increase in the quantity of excess DNA bound over the range of NaCl 
molarity in which an abrupt increase in the dissociation of nucleohistone, as meas- 
ured by deproteinization with chloroform or by ethanol precipitation, becomes 
manifest (2). 


‘ 
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ilar curves were obtained when N-NH and R-NH preparations were com- 
pared. 

The acidic dye Congo red behaved similarly to DNA when present at 
low levels of concentration; z.e., considerably more dye was bound on iso- 
tonic coprecipitation from strong NaCl solution than from water. At 
high concentrations (weight ratio of dye to nucleohistone P of 20 or more), 
Congo red prevented the precipitation of nucleohistone at 0.15 m NaCl 
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Fic. 1. Coprecipitation of nucleohistone and added DNA. The indicated propor- 
tions of DNA, plotted as the ratio of excess DNA phosphorus to nucleohistone phos- 
phorus, were added to nucleohistone dissolved in mM NaCl solution (Curve I) or in 
water (Curve II), and the products were precipitated by adjustment to 20.15 m NaCl 
concentration. 


concentration; an effect also observed, though less markedly, with very 
large amounts of excess DNA. 

Effect of Heat—Nucleohistone, both in the form of N-NH (precipitated 
from an aqueous solution by adjustment to 0.15 m NaCl) and of R-NH 
(similarly precipitated, but from mM NaCl), is remarkably stable towards 
heat. As shown in several experiments (Table III), only very small 
amounts of DNA are detached upon heating to 75° for 0.5 hour. Copre- 
cipitates of nucleohistone and histone (Table II) were similarly stable. 
Different results were, however, obtained when coprecipitates of nucleo- 
histone and DNA were examined. These products were much more labile 
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to heat, and under proper conditions the quantities of DNA liberated by 
heat approached, or even surpassed, those that had been added before 
precipitation (Table III). In agreement with the findings illustrated in 
Fig. 1, the precipitates formed from mM NaCl solution bound much more of 


TaBLeE III 
Effect of Heat on Composition of Coprecipitates of Nucleohistone and DNA* 


Molarity of NaCl in mixture before pptn. 
Composition of 
mixture before pptn. | 
" 0 | 1 | 0 | 1 0 | 1 | 0 | 1 | 0 | 1 
Zz 
§ Nu- | Nu- Added Composition of ppt. before Components soluble in 0.15 m NaCl after 
£ cleo- | cleo- DNA heat treatment treatment at 75° 
|pro | phos: | 
gj | tein |phorus ee) Protein Phosphorus Protein Phosphorus Phosphorus 
| per cent |per cent 
7 | 2.80) 0.25, O 2 2.54) 0.23) 0.24 0 0 5 7 
0.27; 1.94 2.37 0.26) 0.45 O 32 14 51 13 85 
8 0.28) 0 0.26; 0.26 3 2 
0.27 0.30; 0.48 11 61 13 109 
0.30 0.27; 0.50 10 48 9 80 
9 |10.1 | 0.65! 0 8.73) 7.52) 0.60) 0.61 4 3 3 3 
0.20 8.00 8.82; 0.70; 0.81 6 7 10 11 37 46 
0.39 7.54! 8.82) 0.65, 0.96 6 13 11 26 19 63 
6.78 7.32) 7.75 0.64 1.19) 11 13 13 24 11 | 37 


* In these experiments, the precipitates of nucleohistone or the coprecipitates of 
nucleohistone and DNA, produced by the adjustment of the aqueous or Mm NaCl so- 
lutions to a 0.15 m NaCl concentration, as described in the text, were separated by 
centrifugation. They were suspended in fresh 0.15 mM NaCl solution (30 ml. in each 
experiment), the suspensions were heated at 75° for 30 minutes by immersion in a 
water bath, and then immediately cooled; the supernatant fluids, recovered by sub- 
sequent centrifugation, served for the analyses recorded in the last six columns. 
The composition of the precipitates before heat treatment was established from the 
difference between what went into the mixture before isotonic precipitation and what 
remained in the supernatant fluid after precipitation. 


the additional DNA, but they also released more when being heated. 
Heat-degraded DNA was bound by intact NHE preparations to a much 
less degree than was highly polymerized DNA; when present in high pro- 
portions it prevented, in fact, the precipitation of part of the nucleohistone. 


DISCUSSION 


As has been pointed out, previous studies (2) on calf thymus nucleohis- 
tone had revealed little difference between preparations that had not been 
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in contact with strong salt solution (N-NH) and those that had (R-NH).? 
In continuation of this work the interaction of these two types of conju- 
gated protein with acidic or basic substances has been studied. The results 
presented here show that nucleohistone, regardless of its previous history 
(exposure or non-exposure to strong salt), possesses a considerable number 
of negative charges, enabling it to bind very large quantities of basic sub- 
stances (Table I and II) but that, in regard to combinations with excess 
nucleic acid, a remarkable difference between the two types of nucleohis- 
tone is observed, much more being bound by nucleohistone precipitated 
from strong salt solution (Fig. 1). The experiments on the effect of heat 
on the combination of nucleohistone with nucleic acid (Table III) accen- 
tuate these differences and show, moreover, that the linkage between nucleic 
acid and histone in nucleohistone is much firmer than that between nucleo- 
histone and excess nucleic acid. 

We conclude that nucleohistone of calf thymus, in contrast to artificially 
prepared histone nucleates, represents a series of conjugated proteins of a 
definite structure: a series, because it can be shown to yield a large number 
of different nucleic acids (1, 3, 6) and several histones (compare Crampton 
et al. (7), Bibliography). We also conclude that this structure persists in 
electrolyte-free solution; that it is loosened, but not irreversibly, in high 
salt concentrations; that this partial loss of cohesion in salt solution results 
in the liberation of positive charges, thus permitting the binding of con- 
siderable quantities of additional nucleic acid which, however, is less firmly 
held than the intrinsic prosthetic compound; and finally that, in the absence 
of extraneous inserts or of agents capable of removing protein or nucleic 
acid, the essential features of the original structure are restored when the 
salt concentration is lowered.’ 


SUMMARY 


Preparations of calf thymus nucleohistone made at low ionic strength 
and after exposure to strong salt solution were compared with respect to 
their ability to combine with basic and acidic dyes, with histone, and with 
deoxyribonucleic acid. Precipitates thus produced, by adjustment to a 


? An additional similarity between N-NH and R-NH may be seen in their behavior 
towards crystalline pancreatic deoxyribonuclease. When intimate suspensions of 
the preparations were enzymically treated at 37° and at pH 7.9 (0.1 m glycine, 0.1 M 
NaCl, 0.05 m Mg**) with mechanical agitation, the rates of formation of soluble frag- 
ments were almost identical; after 74 minutes, 98 and 96 per cent of the P of N-NH 
and R-NH, respectively, had been degraded. 

> That some of the structural aspects of nucleohistone are modified by reassociation 
is, however, indicated by the recent observation of differences in the composition of 
the histone mixtures detached most readily from the two types of nucleohistone, 
N-NH and R-NH (8). 
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0.15 m NaCl concentration, from solutions in m NaCl contained larger 


amounts of the added substances than did precipitates from electrolyte. 


free solutions, particularly in the case of deoxyribonucleic acid. At high | 


ionic strength the interaction between nucleohistone and acidic or basic 


substances is facilitated. The effect of heat upon coprecipitates with 


nucleohistone was also studied. 
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SPECIFICITY OF PAPAIN-CATALYZED 
TRANSAMIDATION REACTIONS* 


By MARY J. MYCEK7 anp JOSEPH 8S. FRUTON 


(From the Department of Biochemistry, Yale University, 
New Haven, Connecticut) 


(Received for publication, November 13, 1956) 


An earlier report from this laboratory (1) has described the application 
of column chromatography on ion exchange resins (2) to the quantitative 
study of papain-catalyzed transamidation reactions of the type: 


Cbzo—NH(CHR)CO—NH: + NH2(CHR’)CO—NH(CHR”)COO- + H* = 
Cbzo—NH(CHR)CO—NH(CHR’)CO—NH(CHR”)COO- + NH;* 


In the experiments reported in the present communication, these studies 
have been extended with special reference to the specificity of the enzyme 
toward the dipeptide used as replacement agent. It had been suggested 
(1) that the value of pK.’ of a dipeptide is a determining factor in the 
efficiency with which it can participate in a transamidation reaction at a 
given pH. This suggestion has been examined by the determination of 
pK,’ for several dipeptides under the conditions of the enzymic tests and 
the comparison of the relative magnitude of these values with the observed 
efficiency of transamidation. Earlier data (1) had also indicated that, in 
addition to the pK,’ values, other factors that are important in determining 
the efficiency of a dipeptide as a replacement agent are the chemical nature 
of the R’ group and the configuration of the N-terminal amino acid residue. 
This aspect of the problem was investigated further by the use of a variety 


of dipeptides. 


Methods 


The chromatographic procedures were essentially the same as those de- 
scribed previously (1) except that Dowex 50-X2 resin (3) was employed 
instead of the Dowex 50-X4 resin. The chromatographic behavior of the 
peptides involved in the present studies is summarized in Table I. The 
color values for these peptides were determined in the same manner as 
reported previously (1) and are also listed in Table I. 


* This study was aided by a grant from the Rockefeller Foundation. The data 
in this paper are taken from a dissertation presented by Mary J. Mycek to the faculty 
of the Graduate School of Yale University in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. 

t Present address, The Rockefeller Institute for Medical Research, New York, 


New York. 
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The conditions of the enzymic incubations were similar to those de- 
scribed earlier (1). Ammonia liberation was followed by the Conway 
microdiffusion method (4) and was used to measure the rate of the over- 
all reaction, z.e. both hydrolysis and transamidation. 

The samples were prepared for chromatography in the manner described 
previously (1), except that the hydrogenolysis of the carbobenzoxy com- 
pounds was performed in a semimicrohydrogenation assembly and the 


TABLE I 
Chromatographic Behavior of Peptides on Dowex 50-X2 

0.5 ml. samples containing 1.0 to 2.0 umoles of each compound were used. Column 
dimensions, 0.9 X 30 cm.; flow rate, 1.5 to 2.0 ml. per hour; temperature, 31°. A 
stated volume of citrate buffer, pH 4.0, was passed through the column, and the elu- 
ent was then changed to citrate buffer, pH 5.0. The composition of the buffers was 
reported previously (1). The color values of the peptides were determined at pH 
5.0, after heating with ninhydrin at 100° for 30 minutes (1). 


Compound Effluent peak | Color value* 
ml. | ml. 
36 | 64 1.13 
L-Leucyl-L-phenylalanine................... 35 | 87 0.78 
L-Leucyl-L-tyrosine. ....................... 32 | 79 1.19 
36 45 0.127 
Glycylglycylglycine........................ 33 ! 49 0.81 
31 50 0.83 
Glycyl-u-leucylglycine...................... 34 | 82 0.89 
36 | 70 0.93 
Glycyl-L-leucyl-L-phenylalanine............ 35 | 96 0.88 
Glycyl-u-leucyl--tyrosine.................. 32 | 87 1.05 
Glycyl-u-prolylglycine...................... 36 | 53 0.78 


* On a molar basis relative to leucine. 
+ Determined at 440 mz. 


reaction was followed by noting the hydrogen uptake; the hydrogenation 
vessel was equipped with a side arm which contained soda lime to absorb 
the carbon dioxide released. The reaction was allowed to proceed until 
the uptake of hydrogen had ceased. It has been assumed that any losses 
incurred in the course of preparing the sample for chromatography were 
the same for all the compounds in the incubation mixture. In the calcula- 
tion of the per cent of the reacted substrate that had undergone transami- 
dation, therefore, the amount of transamidation product found was divided 
by the sum of the amounts of hydrolysis product and transamidation prod- 
uct, and multiplied by 100. 
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The determination of the values of pk,’ for several dipeptides was car- 
ried out under the same conditions asthe enzymic reactions. A Radiometer 
pH meter was employed. The saturated potassium chloride of the calomel 
electrode was replaced by 30 per cent methanol] saturated with potassium 
chloride. Both the calomel and glass electrodes were allowed to stand in 
30 per cent methanol for 1 week prior to the titrations. The hydrochloric 
acid and sodium hydroxide used as titrants were prepared in 30 per cent 
methanol. The titrations were performed at 37° + 0.1° in 0.1 Mm NaCl 
(r/2 = 0.1), and moist nitrogen was bubbled through the solution. Ace- 
tate buffer (sodium acetate 0.1 M, acetic acid 0.1 m) in 30 per cent methanol 
was selected as the standard; its pK is 5.17 in 30 per cent methanol at 25° 
(5), and it was assumed to have the same pK at 37° since the pK of the 
aqueous acetate buffer of the same composition varies only by 0.005 from 


25-38° (6). 
Results 


The data obtained in the transamidation experiments with carbobenz- 
oxyglycinamide as the substrate bearing the sensitive CO—NH group are 
summarized in Tables II and III. It will be noted that the glycyl peptides 


TABLE II 
Chromatographic Analysis of Papatn-Catalyzed Transamidation Reactions 


Substrate, carbobenzoxyglycinamide (0.05 M); concentration of papain, 0.25 mg. 
of protein N per ml. of test solution; concentration of HCN used as activator, 0.025 
M; 30 per cent methanol; time of incubation, 10 hours; temperature, 37°. 


| 
pH of , Transami- Hydrolysi (a) X 100 
Replacement agent (0.05 M) incubation dation 
| (b) 
| umoles pmoles pmoles 
perml. per ml. per ml. 
Glycyl-u-leucine.................. 7.4 19.4 | 3.8 9.0 30 
Glyeyl-p-leucine................. 7.5 3.6 | 2.7 10.1 | 21 
7.5 16.4 8.9 4.7 65 
L-Leucyl-L-tyrosine.............. 7.5 14.9 7.0 3.2 | 69 
7.2 17.4 3.9 11.0 | 26 
L-Prolylglycine................... 7.5 12.6 | 2.5 


* Theory for 100 per cent deamination, 50 wmoles per ml. 
t Per cent transamidation. 


tested as replacement agents were approximately equally effective in this 
regard. It is of interest that the extent of replacement with glycyl-.L- 
leucine and glycyl-p-leucine is nearly the same, indicating that the con- 
figuration of the C-terminal amino acid of the dipeptide has little influence 


le- 
ay 
A 
u- 
as 


168 PAPAIN-CATALYZED TRANSAMIDATION 


in the transamidation reaction. This result is in decided contrast to the 
earlier observation (1) that the papain-catalyzed reaction exhibits speci- 
ficity in respect to the configuration of the N-terminal amino acid of a 
dipeptide used as the replacement agent; thus, L-leucylglycine was found 
to be much more efficient than p-leucylglycine. 

Most of the L-leucyl peptides tested appear to be more effective as re- 
placement agents than the glycyl peptides examined. The extent of re- 
placement observed with t-leucyl-L-phenylalanine and 
is especially noteworthy; as will be seen from Table II, with equimolar 
(0.05 mM) concentrations of one of these dipeptides and of the substrate, 
the extent of replacement was about twice that of hydrolysis, despite the 
much greater concentration of water. u-Leucylglycine gave about 50 per 


TaBLeE III 
Competition between Glycylglycine (GG) and L-Leucylglycine (LG) 
As Replacement Agents 
Substrate, carbobenzoxyglycinamide (0.05 mM); concentration of replacement 


agents 0.05 m of each; conditions the same as in Table II, except for the time of in- 
cubation (25 hours); pH 7.3 to 7.4. 


Transamidation | 
Replacement agent Glycine lelycyl- 
GG LG 
pmoles per ml. | umoles per ml. | pmoles per ml. per cent per cenit } 
GG+LG........ 11.8 1.6 8.8 12 43 


cent transamidation (Table III), a value slightly lower than that found 
previously (1). However, L-leucyl-L-leucine appears to be no more effec- 
tive than is glycyl-L-leucine. 

The greater effectiveness of some L-leucy! peptides as replacement agents 
is illustrated by an experiment in which carbobenzoxyglycinamide (0.05 
M) was incubated with both L-leucylglycine (0.05 mM) and glycylglycine 
(0.05 m) in the presence of papain. The data in Table III show that the 
reaction with glycylglycine had been markedly inhibited, when compared to 
the transamidation reaction in the presence of this peptide as the sole re- 
placement agent. On the other hand, the extent of reaction with L-leucyl- 
glycine was essentially the same in both the presence and absence of glycy!- 
glycine. It is of interest that the extent of hydrolysis in the presence of 
L-leucylglycine is much lower than in the presence of glycylglycine. 

A comparison of the relative efficiency of various glycyl and t-leucy! 
peptides with their respective pK.’ values (Table IV) shows that, although 
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the dissociation of the ammonium group of these compounds is an impor- 
tant factor, it is by no means the only determinant of the extent of trans- 
amidation. It appears that, at least in the papain-catalyzed reactions of 
carbobenzoxyglycinamide, the enzyme system exhibits relative specificity 
in regard to the structure of the replacement agent. The difference be- 
tween L-leucylglycine and p-leucylglycine, mentioned above, is further 
evidence on this point. It remains to be determined whether similar 
specificity relations apply to the action of papain on other substrates and 
in transamidation reactions catalyzed by other enzymes. 


TaBLeE IV 
Relation of pK»’ of Dipeptides and Their Effectiveness As Replacement Agents 
Dipeptide Transamidationt 
In water* | 
| per cent 
Glyeyl-t-leucine................... 8.29 (7) | 30 
Glyeyl-p-leucine.................. 8.29 (7) | 21 
t-Leucylglycine................... 7.82 (8) 7.82 48 
| 7.62 26 
L-Leucyl-L-tyrosine............... | 7.47 69 
u-Prolylglycine.................... | 8.62 2 


* The figures in parentheses denote bibliographic references. 
+ Papain-catalyzed reaction with carbobenzoxyglycinamide under the conditions 


given in Tables II and III. 


It will be seen from Table II that, under the conditions of these experi- 
ments, L-prolylglycine did not participate in a transamidation reaction to a 
significant extent. A similar failure of L-prolyl compounds to serve as 
replacement agents was noted previously with cathepsin C (9); at pH 7.5, 
L-prolyl-L-phenylalaninamide underwent only hydrolysis and no polymeri- 
zation, in contrast to the behavior of glycyl-L-phenylalaninamide. The 
pK,’ value of L-prolylglycine, and presumably of other L-prolyl compounds 
(10), is higher than those of the glycyl and L-leucy] peptides examined, and 
it appears likely that the failure of L-prolylglycine to act as a replacement 
agent in the papain-catalyzed reaction at pH 7.5 is primarily a consequence 
of the low concentration of the unprotonated imino group. 

In several of the experiments discussed above, the effluent curves ob- 
tained on chromatography showed the appearance of ninhydrin-positive 
components other than those derived from the starting materials or those 
expected from the hydrolysis of the substrate and from the transamidation 
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reaction leading to the formation of the carbobenzoxytripeptide. For ex- 
ample, in the papain-catalyzed reaction between carbobenzoxyglycinamide 
and the mixture of glycylglycine and t-leucylglycine, incubated for 10 
hours, a peak emerged at 11 ml. in the effluent (buffer at pH 4) upon chro- 
matography of the hydrogenated incubation mixture. Examination of 
this fast moving component by paper chromatography on Whatman No. | 
paper, and with butanol-acetic acid-water (6:1:1) as the solvent, gave an 
Ry of 0.06. Upon hydrolysis with 6 nN HCl at 120° for 20 hours, this ma- 
terial gave two spots in paper chromatograms, with Rr values of 0.56 and 
0.12, identical to those given by authentic samples of leucine and glycine. 
The chromatographic behavior of the fast moving component present in 
the 10 hour incubation mixture suggests that it is a polypeptide (or a mix- 
ture of peptides) composed of glycine and leucine. It is apparently formed 
during the initial stage of the reaction, and decomposes as the reaction 
proceeds, since it was not noted in the 25 hour incubation mixture. The 
nature of this material and the mode of its formation require further in- 
vestigation. 


DISCUSSION 


The data reported here further document the conclusion that the eff- 
ciency of a proteinase-catalyzed transamidation reaction depends not only 
on the structure of the sensitive substrate, but also on the structure of the 
replacement agent. It may be suggested, therefore, that in transamida- 
tion reactions two enzymic binding sites are operative, one for the sub- 
strate and another for the replacement agent. The possibility exists that 
in the reaction catalyzed by papain, as well as by other proteinases (11), 
the substrate (amide or ester) bearing the sensitive carbonyl] group interacts 
with the enzyme to form an “‘acyl-enzyme”’ which can react with a replace- 
ment agent or water specifically bound at an adjacent enzyme site (12). 


The authors wish to acknowledge with thanks the assistance of Dr. 
Frederic M. Richards in this investigation. 


SUMMARY 


The catalysis by papain of transamidation reactions between carbo- 
benzoxyglycinamide and several dipeptides has been studied further, and 
additional evidence has been presented for the view that the enzyme exhib- 
its specificity not only toward the substrate bearing the sensitive CO—NH 
bond, but also toward the dipeptide used as the replacement agent. 
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PURIFICATION AND PROPERTIES OF BEEF SPLEEN 
CATHEPSIN B* 


By LOWELL M. GREENBAUM? anp JOSEPH S. FRUTON 


(From the Department of Biochemistry, Yale University, 
New Haven, Connecticut) 


(Received for publication, November 13, 1956) 


Extracts of swine kidney and of beef spleen catalyze the hydrolysis of 
two synthetic substrates of crystalline pancreatic trypsin, benzoyl-L-argi- 
ninamide (BAA) and benzoyl-t-lysinamide, to the corresponding benzoyl- 
amino acid and ammonia (1-3). The intracellular proteinase which ex- 
hibits this trypsin-like activity has been designated cathepsin B (4); it 
has been differentiated from another proteinase, cathepsin C, which has 
been partially purified from beef spleen (5), and whose specificity has been 
extensively studied (6, 7). The present communication deals with the 
partial purification of cathepsin B and the properties of this enzyme. 

The assay of cathepsin B activity was performed at 38° in a 1 ml. reac- 
tion mixture containing 0.05 m BAA, 0.12 M sodium citrate buffer, pH 5.0, 
0.002 m sodium Versenate, 0.04 m cysteine hydrochloride (adjusted to pH 
5.0), and enzyme. A unit of cathepsin B ({C.U.]®44) is defined as that 
amount of enzyme which, under the above conditions, causes 1 per cent 
hydrolysis of BAA per minute, as measured by the Conway diffusion 
method (8) or the Grassmann-Heyde titration method (9). Over the range 
of BAA hydrolysis in these experiments, zero order kinetics were found to 
apply. Specific activity is defined as cathepsin B units per mg. of protein 
((C.U.J224,) as determined by the Robinson-Hogden modification of the 


mg. P 


biuret method (10). 


Partial Purification of Cathepsin B 


The procedure developed consists of four steps: (1) extraction of ground 
spleen at pH 2.6; (2) fractional precipitation by means of ammonium sul- 
fate; (3) treatment with the cation exchange resin IRC-50-XE64; (4) frac- 
tional precipitation with HgCl. in ethanol, in a manner similar to that used 
by Kimmel and Smith (11) in the purification of papain. <A typical prep- 
aration is described in the following; the data on the protein content and 
the enzymic activity of successive fractions are given in Table I. 


* This study was aided by a grant from the Rockefeller Foundation. 

t Lillian Israel Memorial Fellow of the American Cancer Society 1954-56. Pres- 
ent address, Department of Pharmacology, State University Medical College of New 
York, Downstate Medical Center, Brooklyn, New York. 
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Extraction—Three fresh beef spleens were chilled in ice for 1 to 1.5 hours, 
stripped of the outer fascia and fat, and ground once in a meat grinder, 
To the ground tissue (2120 gm.), 4240 ml. of a cold solution of 2 per cent 
NaCl and 0.001 m Versene in 0.015 ~N hydrochloric acid were added with 
stirring. After being stirred for 5 minutes, the pH was 5.0 (Beckman 
model G pH meter, temperature setting 10°). Solid NaCl (40 gm.) was 
added to maintain the concentration at 2 per cent, and cold n hydrochloric 
acid (320 ml.) was added dropwise with stirring in 60 minutes, to lower the 
pH to 2.6. ‘Toluene (15 ml.) was added, and the suspension was stirred 
slowly at 2° for 18 hours, after which time the pH had risen to 3.2. Cold 
N NaOH (125 ml.) was added dropwise with rapid stirring until the pH was 
3.6. The suspension was squeezed through a double layer of cheesecloth 


TABLE I 
Partial Purification of Cathepsin B from Beef Spleen 

ml. me. units | per cent 
Crade extract. ..._. 3800 | 74,100! 2660 0.036 (0.069)+ 100 
40-70 SAS..........| 151 1,163 | 1590 | 1.36 (1.30) 38 60 
Resin-treated...... 35 147 595 4.05 (2.64) 112 22 
Hg-ethanol......... 33 223 | 6.80 (7.60) 189 S 


* The preparation of the fractions is described in the text. 
+ The values given in parentheses were obtained in another preparation, per- 
formed in the same manner as described in the text. 


to give a dark brown suspension (crude extract); a sample was removed for 
determinations of protein content and enzyme activity. The crude extract 
was spun at 2° for 30 minutes at full speed in the International PR-2 
centrifuge (head No. 845a with 8 ounce plastic bottles obtained from W. 
Braun and Company, New York). The supernatant fluid (3800 ml.) was 
carefully removed and the residue was discarded. 

Fractionation with Ammonium Sulfate—To the above solution, 700 gm. 
of solid (NH,4)2SO, were added (40 per cent saturation with ammonium 
sulfate (SAS)) at 2° with stirring, over a period of 20 minutes. The mix- 
ture was stirred slowly for 20 minutes more and centrifuged as before. To 
the orange supernatant fluid (3150 ml.), 575 gm. of solid (NH4)2SO, were 
added (70 per cent SAS) at 2° with stirring, and the mixture was stirred 
and centrifuged. The precipitate was collected and suspended in 40 ml. 
of cold water, and the suspension (85 ml.) was dialyzed at 2° in 36/32 
Visking casing for 24 hours against 6 liters of 0.001 m Versene (pH 4.9), 
with one change of dialyzing medium, and then against distilled water for 
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an additional 22 hours. The dialyzed suspension was centrifuged for 10 
minutes at 4000 X g at 2°, the clear brown supernatant fluid (140 ml.) was 
removed, and the residue was washed with 10 ml. of cold water. The 
wash fluid obtained by centrifugation was added to the supernatant fluid; 
the pH of the mixture was 4.6 and 2 ml. of N NaOH were added to bring 
the pH to 5.4. The total volume of the solution (40-70 SAS fraction) 
was 151 ml. 

Resin Treatment—Amberlite IRC-50-X E64 resin was regenerated in the 
manner described by Boardman and Partridge (12) and washed with dis- 
tilled water until the pH of the wash fluid was about 7.0. The resin was 
then equilibrated with 0.08 m sodium citrate buffer, pH 5.2; about 20 liters 
of buffer were required. 1 ml. of resin is defined as that amount which 
settles to 1.0 ml. in 30 minutes when a suspension is placed in a graduated 
cylinder. 

To each of two 75 ml. portions of resin (in a 250 ml. centrifuge tube), 
75 ml. of the 40 to 70 SAS fraction were added at 2°. The mixture was 
stirred at 2° for 5 minutes, and after an additional 5 minutes it was cen- 
trifuged. ‘The supernatant fluid was removed and the resin was washed 
three times with 20 ml. of citrate buffer; the third washing was removed by 
filtration through a medium porosity sintered glass funnel. All the wash- 
ings were combined with the supernatant fluids; the combined solution 
(250 ml.) was divided into four equal portions, each of which was treated 
with 65 ml. of fresh resin. The suspensions were stirred and centrifuged 
and the supernatant fluids collected, and each of the four resin samples was 
washed twice with 20 ml. of citrate buffer as before. ‘The washings were 
combined with the supernatant fluids and filtered through Whatman No. 
41 filter paper by gravity to remove fine particles of resin. 

To concentrate the enzyme, the pH of the solution (360 ml.) was adjusted 
to 3.6 by the addition of N H2SO, (34 ml.) at 0° with stirring, followed by 
the addition of 275 gm. of solid (NH,)2SO, to 100 per cent SAS. After 
being stirred for 30 minutes, the suspension was centrifuged at 4000 X g 
for 15 minutes and the supernatant fluid was discarded. ‘The precipitate 
was suspended in about 20 ml. of cold water and dialyzed at 2° against 6 
liters of 0.001 m Versene (pH 5.0) for 24 hours, with one change of dialyz- 
ing medium, followed by dialysis for 24 hours against 6 liters of cold dis- 
tilled water. The dialyzed cloudy solution (pH 4.2) was brought to pH 
5.0 by the careful addition of 1 ml. of 0.1 N NaOH, was centrifuged, and 
the clear supernatant fluid (35 ml.) was assayed for enzyme activity and 
protein content. This enzyme solution is denoted the ‘“‘resin-treated”’ 
fraction in Table I. 

Mercury-Ethanol Fractionation—34 ml. of the resin-treated fraction were 
lyophilized, and the resulting powder was dissolved in 14 ml. of cold 0.001 
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M HgCl, to give a solution containing 1 per cent protein. To this solution, 
0.45 ml. of 0.001 m HgCl. in 95 per cent ethanol was added dropwise at 
—2° with stirring (final concentration of ethanol, 3 per cent). After 15 
minutes, the mixture was centrifuged at —2° and to the supernatant fluid 
(14 ml.), 1.33 ml. of the HgCl.-ethanol solution were added at — 6° (final 
concentration of ethanol, 11 per cent). After 15 minutes, the mixture was 
centrifuged at —6° and the residue was immediately suspended in 8 ml. of 
cold water. A small amount of insoluble material was centrifuged, ex- 
tracted with 1 ml. of cold water, and the washing was added to the super- 
natant fluid (total volume, 8.5 ml.). 7.2 ml. of this solution were dialyzed 


TABLE II 
pH -Dependence of Action of Cathepsin B 
Concentration of BAA, 0.05 M; concentration of cysteine, 0.04 m; enzyme concen- 
tration, 0.05 mg. of protein per ml. of test solution. Buffer from pH 3 to 5.8, 0.12 
M citrate; from pH 6.3 to 6.9, 0.12 M phosphate (N2 bubbled through test solution). 
Temperature, 38°. 


pH | Hydrolysis in 60 min. 


pmoles per mil. 


ON ONNN OD 


| 


at 2° against 6 liters of 0.001 m Versene (pH 4.9) for 5 hours and then 
against water for 5 hours. The dialyzed solution was centrifuged to give 
7.0 ml. of a supernatant fluid (pH 3.6), whose pH was brought to 5.0 by 
the careful addition of 0.2 ml. of 0.1 N NaOH. This ‘“‘“Hg-ethanol”’ frac- 
tion was stored in the deep freeze. 


Properties of Purified Cathepsin B 


In the determination of the pH optimum, activation, inhibition, and 
specificity of beef spleen cathepsin B, a preparation (Hg-ethanol fraction) 
having a specific activity of 6.8 was employed. 

It will be noted from Table II that the enzyme acts optimally between 
pH 4.2 and 5.8. 

The data in Table III show that optimal cathepsin B activity toward 
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BAA requires the presence of sulfhydryl compounds. The enzyme prep- 
aration used for the experiments reported in Table III had slight activity 
in the absence of added activator, but other preparations obtained in the 
manner described above were completely inactive unless cysteine was 
added. It will be seen that the rate of enzymic action increases with in- 
creasing cysteine concentration, and that with the preparation employed 
0.08 M cysteine gave a more rapid hydrolysis than 0.04 mM cysteine; with 
other enzyme preparations, maximal activation was attained with 0.04 m 
cysteine. All the other sulfhydryl compounds tested at 0.04 mM concentra- 


III 
Activation of Cathepsin B by Sulfhydryl Compounds 
Concentration of BAA, 0.05 M; 0.12 M citrate buffer (pH 5.0); enzyme concentra- 
tion, 0.1 mg. of protein per ml. of test solution; temperature, 38°. The pH of the 
solutions containing the added substances was adjusted to 5.0 prior to addition to 
the test solution. 


Substance added Hydrolysis in 60 min. 


pmoles per ml. 


12.4 
2-Mercaptoethylamine (0.04 | 12.5 
2,3-Dimercaptopropanol (0.04 M)*.............. 9.8 
2-Mercaptoethanol (0.04 M)..... | 8.4 
Glutathione (0.04 M)............ 7.2 


* Approximate concentration; substance not completely in solution. 


tion activated the enzyme; of these, 2-mercaptoethylamine was the most 
effective, and 2,3-dimercaptopropanol, 2-mercaptoethanol, and glutathione 
were slightly less effective than was cysteine. It is of interest that, under 
the conditions of the test, 0.04 mM cyanide does not activate cathepsin B. 
With purified enzyme preparations, 0.001 m Versene did not enhance the 
activation by cysteine; however, with cruder fractions, a small but definite 
activation by Versene was observed. For this reason, this reagent was 
used at all stages of the purification procedure. 

In the presence of 0.04 m cysteine, under the usual assay conditions (as 
in Table III), cathepsin B is completely inhibited by 0.001 m iodoacetamide 
and partially (about 25 per cent) inhibited by 0.0001 m p-chloromercuri- 
benzoate, but not by 0.001 m N-ethylmaleimide. 2,4-Dinitrophenol (0.001 
M), diisopropy]lfuorophosphate (2 X 10-6 m), or crystalline soy bean tryp- 
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sin inhibitor (0.05 mg. per ml.) had no significant effect on the rate of ac- 
tion of cysteine-activated cathepsin B on BAA. 

The specificity of purified cathepsin B toward a series of synthetic sub- 
strates of known proteolytic enzymes was examined (Table IV). It will 
be noted that, of the compounds tested, only BAA, benzoy]-L-arginine 
ethyl ester, and benzoyl-L-lysinamide were hydrolyzed by cysteine-acti- 


TABLE IV 
Action of Cathepsin B on Synthetic Substrates 


Concentration of substrates, 0.05 M; cysteine, 0.04 mM; buffer, 0.12 M citrate (pH 
5.0) or 0.2 M Veronal (pH 7.5 and 8.2); enzyme concentration, 0.09 mg. of protein per 
ml. of test solution; temperature, 38°. 


Substrate pH Hy = in 
umoles per ml. 
Benzoyl-L-arginine ethyl 5.0 
maw nek 5.0 0* 
Carbobenzoxy-L-isoglutamine........................... | 5.0 0 
5.0 0 
Carbobenzoxy-.L-glutamyl-L-phenylalanine.............. 5.0 0 


* Assay performed in unbuffered solution at pH 5.0 by means of automatic titrator 
in conjunction with a Radiometer pH meter. 

+ 0.27 mg. of enzyme protein per ml. of test solution. 

10.001 m MnSQ, present; no cysteine added. 

§ No cysteine added. 

|| This substrate was not completely in solution at pH 5. 


vated cathepsin B under the experimental conditions employed. No meas- 
urable activity could be observed with substrates of aminopeptidase 
(L-leucinamide), prolidase (glycyl-L-proline), tripeptidase (glycylglycylgly- 
cine), carboxypeptidase (carbobenzoxyglycyl-L-phenylalanine), or cathep- 
sin A (carbobenzoxy-L-glutamyl]-L-phenylalanine). Some enzyme prep- 
arations exhibited a slight activity toward glycyl-L-tyrosinamide (substrate 
of cathepsin C); this action could be abolished by prior incubation of the 
enzyme solution (Hg-ethanol fraction) for 15 minutes at pH 3, without loss 
of cathepsin B activity. 

In the course of the purification studies, it was observed that the activity 
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of a given enzyme preparation was frequently not proportional to enzyme 
concentration, giving an apparent increase in specific activity at lower con- 
centrations in the test solutions. For this reason, the calculations of spe- 
cific activity of the various fractions were based on comparable initial rates 
of hydrolysis of BAA. The non-linearity between cathepsin B concentra- 
tion and activity may be caused by the presence, in spleen extracts, of an 
inhibitor which forms a dissociable complex with the enzyme. Recent 
experiments in this laboratory, performed by Dr. J. T. Finkenstaedt, have 
shown that the cathepsin B of liver homogenates is almost entirely asso- 
ciated with the mitochondrial fraction, and that the supernatant fluid ob- 
tained upon centrifugation of the liver homogenate contains an inhibitor 
of cathepsin B. 


DISCUSSION 


In its pH-dependence curve and in its response to sulfhydryl compounds, 
cathepsin B resembles papain in several respects. Like papain (11), 
cathepsin B rapidly hydrolyzes benzoy]l-L-argininamide, benzoy]-L-lysinam- 
ide, and corresponding esters; the plant enzyme also hydrolyzes more 
slowly a variety of other acylamino acid amides, such as carbobenzoxy-L- 
isoglutamine. Further studies are needed to determine whether carbo- 
benzoxy-L-isoglutamine is hydrolyzed by cathepsin B at higher enzyme 
concentrations than those employed in the present studies (Table IV). 
The specificity of cathepsin B differs from that of crystalline pancreatic 
trypsin in its apparent inability to hydrolyze L-arginine ethyl ester or 
L-argininamide. Furthermore, trypsin hydrolyzes benzoyl-L-arginine ethy] 
ester much more rapidly than the corresponding amide (13), whereas 
cathepsin B hydrolyzes both compounds at similar rates. The failure of 
diisopropylfluorophosphate and of the soy bean inhibitor to affect cathepsin 
B activity is in contrast to the behavior of trypsin toward these reagents. 

Earlier studies with partially purified preparations of cathepsin B had 
shown that they catalyze the hydrolysis of proteins (3). The availability 
of a more highly purified preparation of this enzyme permits a closer exam- 
ination of the specificity of its action on proteins and of its possible role as 
a reagent in the study of protein structure. Cathepsin B also catalyzes 
transamidation reactions of BAA (14); the purified enzyme will be of value 
in the further study of such reactions and of coupled transamidation reac- 
tions involving two or more cathepsins. The definition of the enzymic 
properties of cathepsin B may be expected to contribute toward the eluci- 
dation of its role in intracellular protein metabolism. 


SUMMARY 


A method for the partial purification of beef spleen cathepsin B is de- 
scribed. The preparation obtained appears to be free from other known 
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intracellular proteolytic enzymes. Cathepsin B is activated by sulfhydryl 
compounds, and inhibited by some reagents that combine with SH groups. 
The specificity of cathepsin B appears to be primarily directed toward the 
hydrolysis of amide (or ester) bonds involving a-N-acylated L-arginine or 
L-lysine. 
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Shemin and coworkers (1-4) showed that the a-carbon and nitrogen 
atoms of glycine were precursors of specific atoms of the heme molecule. 
This was substantiated by Muir and Neuberger (5, 6). Other carbon 
atoms were shown to come from acetate (5-7) or succinate (8). The nature 
of the intermediate precursors synthesized from these metabolites remained 
unknown until the structure for urinary porphobilinogen! was elucidated 
(9-13). Falk et al. (14) found PBN to be incorporated into porphyrins 
and heme in avian red cells. Subsequently, Shemin and Russell (15) and 
Neuberger and Scott (16) independently synthesized 6-aminolevulinic 
acid! and found that it was a precursor of porphyrins and heme. An en- 
zyme was soon shown to be present in nature, which readily converts ALA 
to PBN (17-21) and has been named 6-aminolevulinic acid dehydrase by 
Gibson et al. (22). Shemin and Russell (15) proposed that ALA is bio- 
synthesized from glycine and an asymmetric succinyl] derivative, perhaps 
succinyl coenzyme A, by the condensation of these substances to form 
a-amino ,8-ketoadipic acid, which is subsequently decarboxylated. 

Vitamin Bes and pantothenic acid are among a variety of nutritional 
substances which, when fed in inadequate amounts, may result in anemia. 
Anemia from vitamin Beg deficiency has been reported in such species as 
dog (23), pig (24), rat (25), duck (26), and chick (27). Cartwright and 
Wintrobe (28) suggested that in swine the fundamental disturbance is a 
failure to synthesize protoporphyrin, since low erythrocyte protoporphyrin 
levels were found in this deficiency. An anemia from pantothenic acid 
deficiency has been described by several groups of investigators (29-31). 
However, in rats it appears that special conditions such as the simultaneous 
deficiency of additional food essentials (32) may be necessary for anemia 
to appear. 

The purpose of these studies was to see whether the rates of incorpora- 


* This investigation was supported by research grants from the Division of Research 
Grants, National Institutes of Health, United States Public Health Service (C-1852), 
and the Division of Biological and Medical Sciences, National Science Foundation 
(NSF-G 2131). 

1The following abbreviations are used: porphobilinogen, PBN; 6-aminolevulinic 
acid, ALA; pyridoxal-5-phosphate, Be-PO,. 
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tion of different labeled precursors into heme were affected by vitamin 
B, and pantothenic acid deficiencies. The incorporation of radioactive 
glycine (33), succinate (8), ALA (15, 16), and PBN (14) into heme has 
been studied conveniently with avian red cells by incubating the cells 
with the labeled substrate and isolating the radioactive heme as crystal- 
line hemin. The rate of incorporation of the precursors was determined 
by the specific activity of the hemin. 

It was found that blood samples from vitamin Be- and pantothenic acid- 
deficient ducklings incorporated glycine and succinate into heme at re- 
duced rates, whereas ALA incorporation was essentially normal. The 
addition of pyridoxal-5-phosphate in vitro restored glycine and succinate 
incorporation, but had no effect on ALA incorporation. Added coenzyme 
A was without effect when added to blood from pantothenic acid-deficient 
ducks, but the injection of calcium pantothenate 1 hour before the blood 
specimens were drawn restored the rate of glycine incorporation into heme. 
Some of these results have been reported in preliminary communications 
(34, 35). 


EXPERIMENTAL 


6-Aminolevulinic acid-2 ,3-C'* was prepared by the method of Neuberger 
and Scott (36). The succinic anhydride used for preparing radioactive 
ALA was prepared from succinic acid-2-C"* (37). Hemoglobin levels were 
determined by the method of Schultze and Elvehjem (38). 

For the determination of tissue porphyrin, the entire liver or small in- 
testine was homogenized with several volumes of a 4:1 mixture of ethyl 
acetate and acetic acid and filtered. The residue was reextracted until 
the filtrates were colorless. The combined filtrates were washed with 
water to remove the acetic acid. The washings were adjusted to pH 3.1 
and extracted with ethyl acetate to recover small amounts of porphyrin. 
The ethyl] acetate fractions were combined and extracted several times 
with small volumes of 10 per cent (w/v) HCl. The acid extract was ad- 
justed to pH 3.1 with concentrated NH,OH and the porphyrin was ex- 
tracted into ethyl acetate. A final 10 per cent HCl extract was made and 
diluted appropriately for optical density measurements in the Beckman 
DU spectrophotometer, according to the method of Rimington and Sveins- 
son (39). 

Day-old Pekin ducklings were fed the vitamin Beg-deficient diet of Heg- 
sted and Rao (26) or the pantothenic acid-deficient diet of Hegsted and 
Perry (40). Control diets contained 6 mg. of pyridoxine hydrochloride 
and 30 mg. of calcium pantothenate per kilo of diet, respectively. 

Blood was drawn from the heart into a heparinized syringe under ether 
anesthesia. 2 ml. of either pooled or individual blood samples were mixed 
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with 0.1 ml. of glycine-2-C™ (20 umoles, 147,500 ¢.p.m. per umole), sodium 
succinate-2-C™ (20 umoles; 125,000 c.p.m. per umole), or 6-aminolevulinic 
acid-2 ,3-C'4 (2 umoles, 14,500 c.p.m. per umole). Usually the ALA in- 
corporation was tested with hemolyzed cells prepared by centrifuging the 
blood at 6000 r.p.m. for 5 minutes in a Servall refrigerated centrifuge and 
replacing the volume of plasma by an equal volume of water and allowing 
1 to 2 hours for hemolysis. KCl and MgCle were added as suggested by 
Shemin and Kumin (8). The mixture was incubated at 38° in a Dubnoff 
metabolic shaker in air for 2 hours and then chilled to 0° to stop the reac- 
tions. 780 mg. of hemoglobin in 5 ml. of saline were added as heme carrier 
to each beaker, and hemin was isolated by a modification of Fisher’s method 
(41), as described below. 

The contents of the incubation beaker were added dropwise to 30 ml. of 
boiling glacial acetic acid, containing 0.5 ml. of saturated NaCl solution, 
over a 10 minute period. The temperature was not allowed to drop below 
90°. The flask was placed on a steam bath for at least 2 hours, after which 
time the contents were transferred to a 40 ml. centrifuge tube. After the 
hemin crystallized, the solution was spun at 2000 r.p.m. for 30 minutes to 
separate the crystals from the mother liquor. The washings were per- 
formed as those described by Fisher, care being taken to suspend the crys- 
tals in each wash liquid before spinning. If the crystals are not completely 
dispersed in each wash liquid, the final product may be contaminated by 
some radioactive impurity. Usually the preparations were counted with- 
out recrystallization, since, in those instances in which the hemin was re- 
crystallized, the samples gave essentially the same specific activities as the 
original crystalline preparations. All samples were counted in duplicate 
in a windowless flow counter and corrected to infinite thinness. The re- 
sults are reported as counts per minute per mg. of hemin + the standard 
error of the mean. 

In early experiments with whole blood, the cells were washed with saline 
after incubation to remove unchanged labeled substrates. It was found, 
however, that the specific activity of the isolated hemin was unaffected by 
the above washing. 


Results 


In a preliminary communication (34) it was reported that heme was 
synthesized in the red cells of vitamin Be-deficient ducklings from glycine- 
2-C at a rate which was half, or less than half, that found with control 
ducklings and that the addition of pyridoxal-5-phosphate in vitro stimulated 
the ability of the deficient cells to synthesize heme. From additional ex- 
periments with vitamin Be-deficient ducklings it appeared that the cells 
became less able to incorporate radioactive glycine into heme with increas- 


nin 
ive 
has 
ells 
tal- 
ned 
id- 
re- 
he 
ate 
me 
ent 
90d 
ns 
ger 
ive 
ere 
hyl 
itil 
ith 
3.1 
in. 
1€8 
ad- 
eX- 
nd 
an 
ns- 
nd 
er 
ed 


184 HEME SYNTHESIS 


ing duration of the deficiency period (Table I). Day-old ducklings were 
fed Purina chick starter for 1 day and then the experimental diets for 5 
or 10 days. The specific activity of the hemin from 5 day-deficient bloods 
was 253 c.p.m. per mg. of hemin, but only 133 c.p.m. after 10 days of de- 
ficiency. The percentage stimulation over the deficiency levels by added 
pyridoxal phosphate was comparable in the two groups. In the 5 day- 
deficient blood samples, added coenzyme increased the value to 416 (61 
per cent). In the 10 day group, four of the five blood samples were stimu- 


TABLE 


Effect of Duration of Vitamin Bs Deficiency on Rate of Glycine and ALA 
Incorporation into Heme and Its Stimulation by Pyridoxal Phosphate 


The values are given in counts per minute per mg. of hemin. 


5 days on diet 10 days on diet 


| Plus Be-PO. | Plus Be-PO;" 

Control whole blood |594 + 63 (4)1579 + 111 (3)|775 + 116 (4) 785 + 140 (4) 
with glycine-2-C4 | 

Vitamin Be-deficient {253 + 26 (5) 416 + 52 (5)|133 + 10 (5)301 4 97 (5) 
whole blood with 
glycine-2-C'4 | 

Control hemolysate {130 + 4 (4) t 427 + 78 (4)395 + 87 (8) 


with ALA-2,3-C 

Vitamin  B,-deficient |121 + 29 (3) 258 + 30 (4) 168 (2) 
hemolysate with 
ALA-2,3-C™ 


* 0.3 mg. of pyridoxal phosphate monohydrate was added to each vessel contain- 
ing 2 ml. of duck blood. The total incubation volume was 2.3 ml. 

+t The numbers in parentheses refer to the number of ducklings. 

t In other experiments the addition of pyridoxal-5-phosphate did not increase 
the ALA incorporation. 


lated from 45 to 65 per cent, but the fifth sample produced a figure of 514 
per cent stimulation, which accounts for the large standard error. 

Table I also shows the effects of vitamin Beg deficiency on the incorpora- 
tion into heme of radioactive ALA by red cell hemolysates. After 5 days 
there was little difference, and after 10 days the specific activity of the 
heme from the deficient bloods was approximately 60 per cent of that of 
the control values. Pyridoxal-5-phosphate did not stimulate ALA incor- 
poration into heme. 

Studies with sodium succinate-2-C™ gave results very similar to those 
found with glycine (Table Il). Therefore, it appears that pyridoxal-s- 
phosphate acts specifically in the utilization of glycine and succinate for 
ALA synthesis. 
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0.1 to 0.5 mg. of pyridoxal phosphate added to 2 ml. of deficient blood 
gave optimal stimulation; 1 mg. did not stimulate the deficient blood to 
the same extent as did the lower levels. When added to control bloods, 
1 mg. of pyridoxal-5-phosphate caused a slight depression. Pyridoxamine 
phosphate was at least as effective as pyridoxal phosphate when added to 
deficient bloods; 1 mg. levels were not inhibitory to control bloods. Pyri- 
doxal hydrochloride, pyridoxamine dihydrochloride, and pyridoxine hy- 
drochloride did not stimulate labeled glycine incorporation. 

The results with glycine, succinate, and ALA with and without pyri- 
doxal-5-phosphate were qualitatively similar whether vitamin Be-deficient 
whole blood or hemolysates were used (Table II). Glycine and succinate 
were incorporated into heme more efficiently by intact cells, whereas ALA 
was utilized better by hemolysates, which is in agreement with other re- 


TABLE II 


Glycine, Succinate, and ALA Incorporation in Vitamin Bg-Deficient 
Whole Blood As Compared to Hemolysates* 


The values are given in counts per minute per mg. of hemin. 


Whole blood Hemolysates 
Plus Bs-POs | Plus Bs-PO, 
132 238 | 30 85 
Succinate............. 35 77 | 5 | 18 
44 | 42 | 120 | 92 


* The figures represent the average of two experiments carried out with pooled 
blood from several ducklings. 


ports (42). Glycine and succinate incorporation was stimulated by pyri- 
doxal-5-phosphate in both the intact deficient cells and the hemolysates, 
but no such effect was observed with ALA. 

To test whether the anemia seen in vitamin B,-deficient ducks is due 
solely to a retarded synthesis of ALA, day-old ducklings fed the deficient 
diet were injected subcutaneously with half neutralized sterile solutions 
of ALA hydrochloride (10 mg. in 0.2 ml. of saline daily) during the last 7 
of the 11 days on which they were maintained on the deficient diet. Four 
ducklings were used in each of the following: (1) control, (2) vitamin Be- 
deficient, and (3) vitamin Be-deficient treated with ALA. At the end of 
11 days, the average weights were 208, 80, and 73 gm., respectively. Hemo- 
globin levels were 9.4, 6.7, and 6.1 per cent, respectively, showing that the 
ALA did not correct the anemia. The amount of ALA administered proba- 
bly was not limiting. The daily dose of ALA could provide heme for 120 
mg. of hemoglobin daily, provided that none was diverted. The hemo- 
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globin deficit in the anemic duck at the end of the experiment, when com- 
pared to control hemoglobin levels, can be calculated to be approximately 
0.21 gm. (9.4 — 6.7 = 2.7 gm. per 100 ml. or 200 mg. per 8 ml., assuming 
the volume of blood to be approximately 10 per cent of the body weight 
of 80 gm.). Since the ALA was administered for 7 days, the utilization 
would have needed to be 0.21/0.84 or about 25 per cent efficient. Ad- 
ministering ALA to control ducklings did not influence the hemoglobin 
levels. 

In a second similar experiment in which three ducklings were injected 
with ALA, the livers and intestines were examined for free porphyrin con- 
tent. 10mg. of ALA were injected daily for the first 6 days and 20 mg. 
daily for 2 additional days. 1 day later the animals were killed. Although 
the deficient ducks remained anemic, the livers and intestines from each 
contained an average of 72 and 24 y of porphyrin, respectively. This 
porphyrin was of a single kind, as demonstrated by paper chromatography 
in lutidine-water-NH; (43), and was identified as protoporphyrin 9 by 
paper chromatography of the methyl ester (44), absorption spectrum (45), 
and melting point (45). Similar results were obtained with control duck- 
lings. 

Administered ALA has been found to be a precursor of heme (15, 16). 
From the appearance of protoporphyrin 9 in the tissues due to ALA ad- 
ministration, it would seem that the anemia in vitamin B,-deficient duck- 
lings is not due solely to a deficiency of precursors of protoporphyrin 9. 
Therefore, although pyridoxal phosphate appears to be necessary for the 
utilization of glycine and succinate for ALA and heme synthesis, this vita- 
min must also be essential elsewhere in the process of red cell formation. 

The decreased incorporation of glycine and succinate into heme when 
incubated with bloods from pantothenic acid-deficient ducklings is shown 
in Table III. When the measurements were made with blood from duck- 
lings after only 2.5 days on the deficient diet (after 1 day on starter mash), 
the specific activity of the hemin from incubation with glycine was 420 
c.p.m. per mg. of hemin as compared to 803 c.p.m. for normal bloods. 
There was no difference in specific activities when hemolysates from de- 
ficient and control bloods were incubated with ALA. The weights of the 
deficient and control ducklings were 78 and 101 gm., respectively. Ona 
prolonged deficiency of 6 or 7 days after 5 days of starter mash, the weights 
of the deficient and control animals were 114 and 280 gm., respectively. 
The glycine incorporation with either whole blood or a hemolysate fell to 
very low levels (approximately one-fifth of normal), and, under these 
conditions, ALA incorporation was also decreased, but by no more than 
50 per cent in one experiment or 25 per cent in another. It is apparent 
that the system utilizing glycine and succinate for heme synthesis is more 
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susceptible to pantothenic acid deficiency than is the system which utilizes 
ALA. This would be expected if the succinate is converted to succinyl 


TABLE III 


Incorporation of Glycine, Succinate, and ALA into Heme by 
Blood from Pantothenic Acid-Deficient Ducklings 


The values are given in counts per minute per mg. of hemin. 


Days on diet Glycine ALA Succinate 
Whole blood Hemolysate Hemolysate Whole blood 
Defi- 
Starter cient Defi- | Con- 
Deficient Control cient | trol | Deficient Control Deficient Control 
pooled |pooled 
1 2.5 | 420 803 311 305 
+45 (5)*| +82 (4) +32 (5)| +47 (3) 
5 6 107 662 15 | 115 118 247 
+24 (3) | +162 (3) 
5 7 222 904 152 208 95 274 
+35 (4) | +81 (4) +26 (4)| +46 (4)! £13 (4)| +28 (4) 


The ducklings were not anemic in 7 days, since the hemoglobin levels were 7.83 
and 8.0 per cent, respectively, for the control and deficient animals. The average 
weights were 280 and 114 gm. 

* The numbers in parentheses indicate the number of experiments. 


TABLE IV 
Effect of Calcium Pantothenate on Restoration of Heme Synthesis in Deficient Bloods* 
The values are given in counts per minute per mg. of hemin. 


Experiments yng Glycine ALA 

Control 6 579 + 36 60 
m + 1 mg. (in vitro) Ca pantothenate 5 551 + 46 

Deficient 7 422 + 12 56 
sg + 1 mg. (in vitro) Ca pantothenate 7 426 + 14 

+5 (in vivo) 9 579 + 51 60 


* The samples in this experiment were counted in a Nuclear flow counter with a 
Micromil window which had 72 per cent of the counting efficiency of the windowless 
flow counter used for the other radioactive assays. 


coenzyme A before reacting with glycine, as suggested by Shemin and 
Russell (15). Attempts were made to restore the rates of glycine and 
succinate uptake to normal by the addition of coenzyme A in vitro to the 
deficient bloods, but without success. 

Olson and Kaplan (46) found that pyruvate oxidation by pantothenic 
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acid-deficient duck liver was not stimulated by the addition of coenzyme 
A or calcium pantothenate in vitro, but the injection of calcium panto- 
thenate 1 to 2 hours before the animals were killed was effective. To test 
whether these techniques could restore heme synthesis, blood from 7 day- 
old pantothenic acid-deficient ducklings (4 days on mash, 3 days on the 
deficient diet) was incubated with radioactive glycine or ALA with and 
without 1 mg. of calcium pantothenate; other ducklings were injected 
subcutaneously with 5 mg. of the vitamin 1 hour before the bloods were 
drawn (Table IV). When calcium pantothenate was injected, the rate of 
glycine incorporation into heme was restored to that found with the con- 
trol bloods. However, the addition of calcium pantothenate in vitro was 
ineffective. 


SUMMARY 


1. The rate of heme synthesis from glycine-2-C'! or succinate-2-C!! in 
the red cells of vitamin Bg- and pantothenic acid-deficient ducklings was 
much lower than that in normal cells, whereas 6-aminolevulinic acid in- 
corporation was essentially normal. The addition of pyridoxal-5-phos- — 
phate in vitro stimulated the ability of the vitamin B,-deficient cells to 
synthesize heme from glycine and succinate. This property was shared 
by pyridoxamine phosphate, but not by pyridoxal, pyridoxamine, or pyri- 
doxine. The incorporation of 6-aminolevulinic acid was unaffected by 
the addition of pyridoxal-5-phosphate. The injection of pantothenate 
into pantothenic acid-deficient ducklings 1 hour before the bloods were 
drawn restored the glycine incorporation to control values; the addition 
of calcium pantothenate in vitro was ineffective. 

2. The administration of 6-aminolevulinic acid to vitamin Be-deficient 
ducklings did not prevent anemia. | 
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myo-INOSITOL AS AN ESSENTIAL GROWTH FACTOR FOR 
NORMAL AND MALIGNANT HUMAN CELLS IN 
TISSUE CULTURE 


By HARRY EAGLE, VANCE I. OYAMA, MINA LEVY, 
AND AARON E. FREEMAN 


(From the Section on Experimental Therapeutics, Laboratory of Infectious Diseases, 
National Institute of Allergy and Infectious Diseases, National Institutes of 
Health, Public Health Service, United States Department of Health, 
Education, and Welfare, Bethesda, Maryland) 


PLATE 1 
(Received for publication, September 27, 1956) 


myo-Inositol (also called meso-inositol) is generally considered a member 
of the B vitamin complex and is required for growth by a number of yeasts 
(1) and fungi (2). An exogenous inositol requirement has, however, not 
been demonstrated in any bacterial species, and, although deficiency symp- 
toms have been produced in animals, evidence for its vitamin function in 
man remains inconclusive. Inositol deficiency has been found to produce 
alopecia in rats (3, 4) and mice (5) and decreased growth in mice, rats, 
cotton rats, and hamsters (3, 6, 7). Several investigators have, however, 
been unable to confirm this growth-promoting effect (8, 9) and the role of 
inositol in the production or cure of experimental alopecia has also been 
questioned (9, 10). An interrelationship between inositol and a number 
of other vitamins in the production of deficiency symptoms (6, 11) is a 
complicating factor. A lipotropic effect in rats, independent of that of 
choline, has been reported by several investigators (12). Although a 
similar lipotropic effect has been found in man (13), there has been no 
demonstration of a deficiency syndrome resulting from lack of inositol. 

In the light of these results, it is of interest that myo-inositol has proved 
essential for the survival and growth of every cultured human cell exam- 
ined, whether normal or malignant, as well as of a mouse sarcoma. With 
every one of eighteen cultured human strains, growth ceased in inositol- 
deficient media, there was cytopathogenic evidence of cell injury, and the 
cells eventually died. The quantitative aspects of that requirement and 
the degree to which myo-inositol could be replaced by its isomers and by 
related compounds are described here. 


Methods 


The cell strains used in the present study (Table I) included eight strains 
derived from normal human tissues, seven strains derived from malignant 
human tissue, three strains derived from the bone marrow of patients with 


191 


192 INOSITOL REQUIREMENT OF HUMAN CELLS 


metastasizing cancer, and therefore of uncertain characterization, a mouse | 


sarcoma, and a mouse fibroblast. The experiments leading up to the 
basal medium of Table II and the methods of cell cultivation have been 
previously described (14, 15). In the present experiments, cell growth was 


TABLE I 
Cultured Cell Lines Studied with Respect to Inositol Requirement 
Tissue of origin | 
Normal human 
Conjunctiva Conj. (30) 
Liver L-39 (30) 
LP * 
Embryonal intestine G-407 “4 
Foreskin fibroblast D-189 (31) 
Embryonal fibroblast MAF-66 t 
Bone marrow Detroit 52 (32) 
‘6 ‘6 98 (32) 
Malignant human 
Carcinoma of cervix HeLa (33 ) 
” ‘* nasopharynx KB (34) 
pharynx H.Ep. 1 (35) 
Carcinomatous ascites Detroit 30A (32) 
pleural (lymphoma) effusion (32) 
Human monocytic leucemia J-111 (36) 
Uncertain 
Bone marrow from cases of cancer Detroit 6 
wee (32) 
34 
Normal mouse 
Fibroblast L (929) (37 ) 
Malignant mouse 
Sarcoma S-180 (38 ) 


* Henle, G., and Deinhardt, F., personal communication. 
t Microbiological Associates, Bethesda, Maryland, personal communication. 


evaluated by determining the protein content of the adherent cell layer 
(16), rather than by counting the number of cells as in previous studies 
(14, 15). 

Isomers and congeners of myo-inositol were generously made available 
by Dr. Laurens Anderson (scyllitol), Dr. S. J. Angyal (cis- and neo-inositol), 
Dr. C. E. Ballou and Dr. H. O. L. Fischer (scyllitol, p-, L-, and muco-inositol 
and galactinol), Dr. J. Larner (myo-inosose), Dr. E. L. May (epi-inositol), 
Dr. C. R. Scholfield (inositol plant phosphatides), Dr. J. M. McKibbin 
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(brucine inositol phosphate), and Dr. O. Wintersteiner (streptidine and 
streptamine), and their helpfulness is gratefully acknowledged. Inositol 
monophosphate was also purchased from the California Foundation for 
Biochemical Research, and the other compounds tested were also com- 
mercial products. 


TABLE II 


Basal Medium Used for Demonstration of Inositol Requirement of 
Mammalian Cells in Tissue Culture 


t-Amino acids* Vitamins Miscellaneous 
mu | per cem 

Arginine 0.1 | 17.4 | Biotin 10-* _ Glucose 0.1 
Cystine 0.04 | 9.6 | Choline 10-® | Dialyzed human |5.0 
Glutamine 2.0 (292.0 | Folic acid 10-6 serum 
Histidine 0.04 | 6.2 | Nicotinamide 10-* | Penicillin 0.005 
Isoleucine 0.2 | 26.0 | Pantothenic acid | 10-* | Streptomycin 0.005 
Leucine 0.15 | 20.0 | Pyridoxal —10-* | Phenol red 0.0005 
Lysine 0.15 | 22.0 | Thiamine 
Methionine 0.05 | 7.4 | Riboflavin 10-77 
Phenylalanine | 0.08 | 13.2 
Threonine 0.15 | 18.0 Salts 
yrosine 
Valine 0.15 | 17.5 | 0.68 

KCl 0.04 

NaH.PO, H.O 0.014 

NaHCO; 0.22 

CaCl, 0.02 

MgCl, 0.008 


* Concentrations intermediate between those used for growth of mouse fibroblast 
and HeLa cell (14). 


EXPERIMENTAL 


Dialyzable Component of Serum As Essential Metabolite for Human Cells 
in Tissue Culture, over and above Growth Factors Previously Identified—In 
previous studies with a human malignant cell (HeLa strain) and a mouse 
fibroblast (L strain), only seven vitamins had proved demonstrably essen- 
tial for survival and growth in tissue culture (choline, folic acid, nicotin- 
amide, pantothenate, pyridoxal, riboflavin, and thiamine (15)). Both cell 
lines could be grown for weeks, with a sustained average generation time 
of less than 48 hours, in a medium containing these vitamins, together with 
the thirteen essential amino acids, glucose, and salts, the mixture being 
supplemented with a small amount of serum protein, supplied as dialyzed 
serum (Table II). 
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When an attempt was made to determine the validity of these findings 
for a number of other normal and malignant cell lines in tissue culture, only 
one of the eighteen additional strains tested (J-111) proved capable of 
sustained growth in this minimal medium (Text-fig. 1, 4) (see Eagle et al. 


LEUKEMIA LIVER (C) 
z | | INTESTINE 
CONJUNCTIVA 
FORESKIN 
a 
5 3 | MAF-66 
or _ -98 - 
ao = 
| 
& | : 
= 
| 


TIME IN DAYS 

Text-Fia. 1. The failure of a number of human cell lines to survive in the medium 
of Table II, containing amino acids, salts, and seven essential vitamins, glucose, 
and serum protein (©), and their sustained growth on the addition to that medium 
of 5 per cent by volume of serum ultrafiltrate (@). A, the three cell lines which, 
in this experiment, grew out in the medium of Table II. B, the results obtained 
with seven cell strains which showed only limited initial growth in that medium and 
then died, but which continued to grow indefinitely on the addition of serum ultra- 
filtrate. For reasons of clarity, not all the curves are shown. C, the results ob- 
tained with eight cell strains which rapidly developed cytopathogenic changes and 
died in the medium of Table II, but which grew satisfactorily on the addition of 
serum ultrafiltrate. 


(17)). With all the others, growth ceased and cytopathogenic changes 
developed either within a few days (see the open circle curves in Text- 
fig. 1, C) or after several weeks and an initial period of growth (see the 
open circle curves in Text-fig. 1, B). In every instance, however, the cells 
eventually died. All these cell lines, however, survived and grew if the 
medium, which contained serum protein as the only undefined component, 
was supplemented with a small amount of serum ultrafiltrate (see the solid 
circle curves in Text-fig. 1, Band C). One or more dialyzable components 
of serum, over and above those previously described, were clearly required. 
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myo-Inosttol As Active Factor in Serum Ultrafiltrate—A wide variety of 
growth factors, 90 in all, was now examined with respect to their ability to 
substitute for the serum ultrafiltrate and to permit the serial propagation 
of the cell lines listed in Table I in a medium containing serum protein as 
the only undefined component. Asshownin Table III, myo-inositol wholly 
replaced the serum ultrafiltrate, while none of the other growth factors, 
separately or together, had demonstrable activity. The degeneration of 
three representative cell lines in the absence of inositol is shown in Figs. 1 
to 3 and is in contrast to their rapid proliferation in the same medium sup- 
plemented with inositol. 

Every one of the cell lines listed in Table I proved capable of sustained 
growth when the medium of Table II was appropriately supplemented 
with myo-inositol. Thus, ten strains chosen at random were serially propa- 
gated for 8 weeks. No attempt was made to keep the cells in the logarith- 
mic phase of growth, and the cultures were subdivided as necessary at ap- 
proximately 5 to 7 day intervals. As illustrated for five of these cell lines 
(Text-fig. 2), all ten strains continued to grow at a uniform rate over the 
entire period, during which the cell protein had increased more than 
50,000,000-fold. 

Inositol Requirement of HeLa Cell and Strain J-111 Leucemia—Since 
seventeen of the twenty cell lines studied here were found to have an abso- 
lute requirement for inositol, the possibility was considered that the ability 
of the other three cell lines (HeLa, J-111, mouse fibroblast) to grow in a 
supposedly inositol-free medium (17) might be related to its presence in 
trace amounts. Accordingly, samples of human and horse serum were 
dialyzed for the usual 24 hours, but in a rocking dialyzer against running 
water instead of in the static dialysis apparatus previously used. In media 
supplemented with such serum, both the HeLa and the J-111 cells grew 
for an initial period of 5 to 15 days, but upon subdivision then degenerated 
and died unless myo-inositol was added. Cycles of growth and arrest, de- 
pending upon the presence or absence of myo-inositol and related to the 
time of subdivision, are shown for both cells in Text-fig. 3, and the growth 
response of the inositol-depleted HeLa cell to graded concentrations of 
inositol is shown in Figs. 4 to 6. 

Only one of the twenty strains tested, the mouse fibroblast, has failed to 
date to show a need for exogenous inositol. In a medium supplemented 
with 1 per cent horse serum previously depleted of inositol by rocking dial- 
ysis, this cell continued to grow for many weeks at essentially the same 
rate as in a medium supplemented with whole serum and inositol. 

Quantitative Aspects of Inositol Requirement—The growth response of 
nineteen cell lines as a function of the concentration of myo-inositol in the 
medium is shown in Table III, and Figs. 4 to 9 illustrate the microscopic 
appearance of typical growth response curves. The maximal effective 
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TaBLeE III 
Growth Response of Nineteen Cultured Mammalian Cell Lines to myo-Inositol p 
s Concentration of myo-inositol in medium, M Approximate molar # 
concentrations permitting y 
Strain | | 10-8 | | 107 107 | 0 
2 3 Maximal 50 per cent 
& Degree of cellular multiplication*® growth maximal growth 
Con). 7 (11.0 15.6 1.9 0.68/0.8 
6 8.8 9.0 8.5) 8.6)4.41.7 |0.7 | 10-° 3 X 1077 
6 12.1,11.6/13 2.4 (1.3 
Liver (L-39) 7 9.4) 0.87/0.75 
6 5.9) 6.2) 5.8) 6.2'3.21.250.5 | 3-5 X 1077 
| 7 13.812.8)14.52.10.6 0.8 
Liver (LP) 6.6! 5.7 5.6 0.43/0.52 
6 6.7| 7.0, 5.7) 5.84.7,1.651.2 | 
Intestine (G-407) 7 | 8.1 13.8 19.1) 0.81.78 
6 | 7.4 8.0) 7.1 6.66.13.1 1.1 | 2X 10° 
7 11.611.8'8.30.7 0.7 
Foreskin fibro- | 7 | 8.1 8.5  0.710.63) 
blast (D-189) 10-6 2-3 X 107 
7 6.7 7.4 7.67.01.2 0.7 
Embryonal | 4.5 3.2) 3.63.9 2.6 1.3 1.5 10-6 
fibroblast 3.82.52.4 1.2 
(MAF-66) | | 
Detroit 52 4.3 4.1/4.3) (0.3 0.67, , 
10 6.8| 6.4| 6.8'4.93.3 0.3 | 
Detroit 98 8.0 8.6) 8.0) 7.0 1.9 1.2) 10-6 3X 
HeLa |10.310.9/10.0 9.010.1 5.02.1 0.8 . 
7Tt 17.2:3.41.1 0.8 
KB 3.8 4.1 1.9} 1.0 /0.87| 
6t 5.1 8.7) 3.82.41.7 0.61) 
H.Ep. 1 7 5.5 7.83.8 1.2 | 3 & 1077 1077 
Detroit 30A 6t 6.0 7.9 6.8 5.9 5.1) (1.6 |2.0 
7 9.810.7, 9.53.91.2 0.7 
Detroit 56 6?t 5.2) 6.3 7.7; (0.97) 
Detroit 116 6f | 7.3, 8.5 6.9) 7.1) 5.6 0.450.31, 1-3 & | 3 1077+ 
J-111 | 7t 4.3 |1.4 | 10-6 3 1077 
Detroit 6 9.4) 9.2)10.7/10.1) 8.9 1.1 (1.2 
7 11.511.3/10.93.40.9 10.5 | 
Detroit 32 6T | 5.5) 5.2) 5.6) 8.6) 8.2 0.180.15) 10-6 3 X 10-7* T 
| 3.3, 3.0 5.7) 4.0) (0.8 0.3 | 10-6 3 xX 1077 
S-180 5 | 6.1 4.6 5.7| |2.2 10.82) a 
5 6.8, 7.1] 6.815.812.6 |0.85) 
A 
* Referred to inoculum as 1. t] 
t In these experiments the cells initially grew for 5 to 7 days in the absence of 
inositol. The experimental flasks were then subdivided, and the experiment sum- n 
marized represents the results obtained in this second passage with the inositol- 4 
depleted cells. 
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concentration for most strains was 10~° m, and approximately 3 K 10-7 M 
permitted 50 per cent of maximal growth. As with choline, these levels 
are small enough to suggest that inositol may be functioning as a vitamin, 
yet are large enough to be consistent with its direct utilization for incorpo- 
ration into cell phosphatides, for example. , 
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Text-Fic. 2. The sustained growth of a variety of human cells in a medium con- 
taining twenty-six defined components and serum protein (medium of Table II), 
when supplemented with inositol at 3 X 10-® M. 


It is of interest that serum has been found to contain an average of 0.5 
mg. per 100 ml. of inositol (18), and the 5 per cent ultrafiltrate supplement 
which permitted the sustained growth of all the cells here studied (see 
Text-fig. 1) would thus have supplied approximately 1.4 * 10-6 o inositol, 
a concentration found to permit optimal growth (Table III). 

Growth-Promoting Activity of Inositol Isomers and Related Compounds— 
All eight isomers of myo-inositol have now been either isolated or syn- 
thesized (19), and seven of these (all but allo-inositol) were generously 
made available for study (see under ‘“‘Methods’”’). None had demonstrable 
growth-promoting activity when tested as substitutes for myo-inositol with 
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either the intestinal or liver cell cultures here used (see Table IV). Two 
inositol congeners, galactinol and a plant inositol phosphatide (20), and 
seven compounds structurally related to myo-inositol (gallic acid, quinic 
acid, phloroglucinol, rhodizonic acid, shikimic acid, streptamine, and strep- 
tidine) similarly had no inositol-like activity in tissue culture. Further, 


DEGREE OF CELLULAR MULTIPLICATION 


10,000 x B © 
a | 
| 
> 1000x / 
= 
© 
100X 
O 
J 
/ 

ad 
l | 
20 Te) 20 30 
TIME IN DAYS TIME IN DAYS 


Text-Fiac. 3. The arrest in growth of the HeLa and J-111 cells on the removal of 
inositol from the medium. (QO), no inositol; (@), inositol at 1 to3 K 10-&m. Cells 
were grown in a medium embodying the thirteen essential amino acids, seven demon- 
strably essential vitamins, glucose, and salts (Table II), supplemented with 5 per 
cent human serum which had been dialyzed for 24 hours in a rocking dialyzer. At 
each time indicated by a point, the protein content was determined, and replicate 
flasks were divided for continued propagation. In estimating the amount of growth 
in the following culture cycle, the protein content of the cells in the daughter flasks 
24 hours after division was taken as the point of reference. 


none of these inactive compounds at concentrations of 10~* to 10~° M in- 
hibited the growth-promoting activity of myo-inositol at 10~§ to 3 K 107° M. 

Up to the present time only three compounds, myo-inosose, phytic acid, 
and inositol monophosphate, have shown definite growth-promoting activ- 
ity (Table V). The activity of the inosose was quantitatively consistent 
with, and presumably due to, approximately 2 to 4 per cent contamination 
with free inositol.!. The phytic acid and the two samples of monophos- 


1 We are indebted to Dr. Joseph Larner for the analysis of the free inositol content 
of these preparations. 
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TABLE IV 

id Isomers and Congeners of myo-Inositol Which Failed to Support Growth of Two 

ic Representative Human Cells (Liver and Intestine) 

D- All proved inactive at concentrations of 10-5 to 107-7 M; at concentrations of 10~4 

r, to 10-5 M, none inhibited the growth-promoting activity of myo-inositol at 3 XK 10~-® M. 

Isomers Congeners Related compounds 
muco-Inositol Inositol phosphatide Streptidine 
| epi-Inositol Galactinol Streptamine 

‘ p-Inositol Gallic acid 

L-Inositol Quinie ‘ 


Shikimic acid 
Phloroglucinol 
Rhodizonie acid 


neo-Inositol 
‘ cis- Inositol 
4 Sevllitol 


TABLE V 
Growth-Promoting Activity of myo-Inosose, Phytic Acid, and Inositol 
Monophosphate Relative to That of myo-Inositol 


" | Concentration permitting 50 per cent Average shat hee 4 relative 
maximal growth, mM to myo-inositol as 100 
Compound tested | 
| Intes- Con- 
Intestinal cell Liver ' Conjunctiva tinal | Liver | junc- 
cell tiva 
myo-Inositol 2.5 10°77 | 6.4 K 10°77 | 3.0 1077 |100 100 100 
| 2.2 1077 | 5.0 K 1077 | 1.8 X 107 
2.0 KX 4.8 10°77 1.4 1077 
1.5 X 1077 | 4.2 XK 1077 
1.0 X | 4.0 1077 
T 
t myo-Inosose X 1.5 10-*; 3.8; 3.2| 5.5 
e 3.8 X 1.5 107° 
h | 
Phytie acid |) 3.8 K 107° 10-*; 3.6; 1.4; 1.8 
4.1. X 10-6 | 3.2 10-6 
Inositol monophosphate | 1.8 X | 7.6 10°° 10-* | 14.4; 9.0} 20 
(from phytic acid) X 10° | 5.0 X 10°° 1077 
5.2 10°77 | 3.6 107° 
| 
Inositol monophosphate | 4.1 | 6.4 | 3.1 1077 | 68 77 75 
t (from liver) * | 2.8 X 1077 | 6.2 K 10°77 | 2.5 & 1077 
| 1.3 | | 


* Brucine inositol monophosphate isolated from liver monophosphoinositide by 
; Dr. J. M. MeKibbin (21). 


j 
| | 
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phate, however, contained less than 1 per cent free inositol, and their activ- 
ity was therefore referable to the phosphates as such. 

With all three cell lines tested, an inositol monophosphate isolated from 
a liver monophosphoinositide (21)? proved to be 4 to 8 times more effective 
than inositol monophosphate produced by the enzymatic hydrolysis of 
phytic acid (see under ‘“‘Methods’’). The activity of this liver-derived 
monophosphate averaged 75 per cent that of free inositol (cf. Table V). 

Effects of Hexachlorocyclohexane and Streptomycin on Utilization of Inositol 
—Hexachlorocyclohexane has been found to antagonize the growth- 
promoting action of inositol in a number of inositol-dependent microorgan- 
isms (22). This biological antagonism between inositol and hexachloro- 
cyclohexane has, however, been questioned by a number of later workers 
(22). In tissue culture, concentrations of 3 & 10-5 Mm failed to inhibit 
the growth-promoting effect of as little as 10-7 m inositol. At yet higher 
concentrations (10-4 m) hexachlorocyclohexane did exercise a growth-in- 
hibitory effect which was, however, independent of the concentration of 
inositol, and possibly unrelated to it. 

Although the streptamine moiety of streptomycin is structurally related 
to inositol, neither compound could substitute for the vitamin and neither 
inhibited its growth-promoting effect. 


DISCUSSION 


In the present experiments, myo-inositol proved to be an essential growth 
factor for every one of the eighteen cultured human cell lines tested and 
for one of two mouse strains. In its absence there was an arrest of growth, 
developing with some lines in a few days (e.g. liver, conjunctiva, and in- 
testine) and in others only after 1 to 2 weeks (e.g. strains KB, Detroit 52 
and 116). With two strains (HeLa and J-111), the minute amounts of 
inositol remaining in serum after 24 hour dialysis against running water 
sufficed for sustained growth, and the need for exogenous inositol became 
apparent only when the serum used in the medium had been more efficiently 
dialyzed. Even under those circumstances, the effects of the inositol de- 
ficiency became apparent only when the cultures were subdivided, suggest- 
ing that the need for inositol may be related to the size of the population. 
It may be noted parenthetically that a similar situation obtains with sev- 
eral of the vitamins previously shown to be required by animal cells in 
tissue culture (15). 

The inositol-deficient cells developed cytopathogenic changes culminating 
in their death and dissolution, and typical growth response curves were 
observed at borderline concentrations. The maximally effective level for 
the nineteen lines which required exogenous inositol varied only from 


* Generously supplied for study by Dr. J. M. McKibbin. 
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3X 10-7 to3 X 10-* M, most cell lines requiring mM, and, except for 
strain KB, 5 X 107’ M regularly sufficed for 50 per cent of maximal growth. 
These concentration ranges were higher than those required of most of the 
essential vitamins (15) or cofactors (23) and suggest that, as in the case of 
choline, inositol may be functioning as a metabolite, perhaps primarily 
for the synthesis of inositol phosphatides. 

Contrary to early reports suggesting that myo-inositol might have an 
antitumor activity in vivo (24, 25), it was required by every human cell 
line here examined, whether normal or malignant, and, of the two mouse 
lines studied, only the strain derived from a tumor proved to require inosi- 
tol for survival and growth. 

With the present demonstration that human cell lines in tissue culture 
are dependent on exogenous inositol, every known member of the so called 
vitamin B complex except biotin and vitamin Bz (choline, folic acid, inosi- 
tol, nicotinamide, pantothenate, pyridoxal, riboflavin, and thiamine) has 
proved to be required by these cells for survival and growth (15). It is 
entirely possible that exogenous biotin and vitamin Bie are similarly essen- 
tial but are present as trace contaminants in other components of the 
medium. | 

The requirement for myo-inositol was remarkably specific. No inositol 
isomer or congener proved capable of substituting for it, except myo-inosose, 
phytic acid, and two samples of inositol monophosphate. The activity 
of the inosose was probably related to its known contamination with free 
inositol. No free inositol was, however, found in the two inositol mono- 
phosphates tested or in the phytic acid, and their activity is probably refer- 
able to the phosphates as such. If man requires exogenous inositol, then 
dietary inositol phosphates, or even the unhydrolyzed phytic acid of plant 
foods, may therefore satisfy that inositol requirement without preliminary 
dephosphorylation by the intestinal flora. 

Schopfer, Posternak, and Boss (26) have recently shown that Lremothe- 
cum ashbyii, for which inositol is growth-stimulatory, can also utilize the 
monophosphate, while an inositol-requiring mutant of Neurospora crassa 
gave no growth with the monophosphate, presumably because it lacked 
the dephosphorylating. enzyme. 

There were wide differences in the growth-promoting activity of (a) 
phytic acid, (b) inositol monophosphate derived from phytic acid by en- 
zymatic hydrolysis, and (c) inositol monophosphate derived from a liver 
monophosphoinositide (21). Relative to free inositol as 100, the molar 
growth-promoting activity’ of these three compounds in tissue culture 
averaged 2 to 4, 9 to 20, and 68 to 77, respectively (see Table V).. MceKib- 
bin similarly has found the liver ester to be 6 to 10 times more active than 
the plant-derived material in assays with inositol-requiring Saccharomyces 
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carlsbergensis as the test organism (21). It remains to be seen whether all 
the activity resides in a single isomer or whether there are a number of ac- 
tive isomers varying widely in their growth-promoting activity. 

Hexachlorocyclohexane at 10~* m inhibited the growth of a number of 
cell lines. This effect was, however, not observed at lower concentrations, 
was independent of the concentration of inositol, and was not reversed by 
it. It is therefore questionable whether the inhibitory effect is specifically 
directed against the utilization of inositol. 

The rigorous requirement for exogenous inositol in tissue culture is at 
variance with the fact that immature rats have been found capable of syn- 
thesizing inositol from glucose (27) and glucose from inositol (28). Sev- 
eral possible explanations may be considered, and the available data offer 
no indication as to which is the correct one. (1) The whole animal may 
synthesize inositol, but in amounts which are inadequate for growth. Ex- 
ogenous inositol would then be as essential for the whole animal as it is for 
isolated cells in tissue culture. It may be noted in this connection that 
Luckey et al. (29) recovered from germ-free rats 50 per cent more inositol 
than had been fed, but, because of the inaccuracy of the assays, they could 
not conclude that there had in fact been net synthesis. Furthermore, all 
eighteen human cell lines studied here, but only one of two mouse lines, 
required exogenous inositol. Man may thus differ from the rat (or mouse) 
in his inability to synthesize inositol in amounts sufficient for survival and 
growth. (2) Only a few organs may be capable of synthesizing inositol, 
and these may supply the needs of the rest of the body. Obviously, none 
of the eighteen human cell lines studied here falls into this category. Ex- 
periments are now in progress to determine whether the mouse fibroblast, 
which apparently does not require exogenous inositol in culture, actually 
forms it in excess and releases it into the medium. (3) Most cells, whether 
in vitro or in vivo, may in fact form inositol in amounts adequate for their 
limited growth rate in vivo. That limited endogenous synthesis may not, 
however, suffice for the much more rapid rate of cell growth observed in 
tissue culture. (4) Cells which in vivo are normally capable of making 
inositol may lose that synthetic capacity on prolonged cultivation zn vitro, 
at least under the conditions of the present experiments. 

To date, only eight vitamins have proved demonstrably essential for the 
survival and growth of a wide variety of human and animal cells (choline, 
folic acid, inositol, nicotinamide, pantothenic acid, pyridoxal, riboflavin, 
and thiamine), and, with the possible exception of choline, all eight are 
required by every cell so far examined. In a medium containing these 
eight vitamins, as well as the thirteen essential amino acids, salts, and glu- 
cose, with the necessary supplement of serum protein, every cultured cell 
line so far examined has proved capable of sustained and apparently in- 
definite propagation, with a 50,000,000-fold increase in cell protein over 
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an 8 week period of observation. If there are qualitative differences in 
the vitamin requirements of these cells, derived from a wide variety of 
normal and malignant tissues, these differences must reside in the as yet 
unidentified components supplied by the essential serum protein. 


SUMMARY 


1. myo-Inositol was an essential growth factor for the survival and multi- 
plication of all eighteen normal and malignant human cell lines examined 
and for one of two mouse lines. In its absence, cytopathogenic changes 
developed and the cells died. Only a mouse fibroblast was capable of 
survival and multiplication in the absence of exogenous inositol. 

2. The maximally effective concentration averaged 10-*® mM, and with 
most cells 5 X 1077 Mm inositol permitted 50 per cent of the maximal growth. 

3. All seven isomers tested, and a variety of compounds structurally 
related to myo-inositol, proved wholly inactive. Phytic acid, and inositol 
monophosphate derived from phytic acid, had slight growth-promoting 
activity, averaging 4 and 18 per cent that of free inositol. A monophos- 
phate derived from liver was, however, 4 to 8 times more effective than 
the plant-derived monophosphate, its activity varying between 68 and 77 
per cent that of free inositol. 

4. The implication of these observations with respect to the nutritional 
importance of inositol zn vivo is discussed in the text. 


BIBLIOGRAPHY 


1. Williams, R. J., Kakin, R. E., and Snell, E., J. Am. Chem. Soc., 62, 1204 (1940). 
Williams, R. J., Stout, A. K., Mitchell, H. K., and McMahan, J. R., Univ. 
Tezas Pub. No. 4137, 27 (1941). Jurist, V., and Foy, J. R., J. Bact., 47, 434 
(1944). Easteott, E. V. J., Physiol. Chem., 32, 1094 (1928). Van Santen, 
A. M. A., and Koningsberger, J. V., Tabulae Biolicae, 17, 241 (1939). Burk- 
holder, P. R., McVeigh, I., and Mover, D., J. Bact., 48, 385 (1944). 

. Buston, H. W., and Pramanik, B. N., Biochem. .J., 25, 1656 (1931). Kogl, F., and 
Fries, N., Z. physiol. Chem., 249, 93 (1937). Beadle, G. W., J. Biol. Chem., 
156, 683 (1944). Lochhead, A. G., and Landerkin, G. B., J. Bact., 44, 343 
(1942). Schopfer, W. H., Helv. chim. acta, 27, 468, 1017 (1944). Schopfer, 
W. H., and Guilloud, M., Z. Vitaminforsch., 16, 181 (1945). Worley, C. L., 
Plant Physiol., 17, 278 (1942). 

3. Paveek, P. L., and Baum, H. M., Science, 93, 502 (1941). Cunha, T. J., Kirk- 

wood, S., Phillips, P. H., and Bohstedt, G., Proc. Soc. Exp. Biol. and Med., 64, 
236 (1943). 
4. Spitzer, R. R., and Phillips, P. H., Proc. Soc. Exp. Biol. and Med., 68, 10 (1946). 
5. Woolley, D. W., Science, 92, 384 (1940); J. Biol. Chem., 186, 113 (1940); 139, 29 
(1941). 

6. Woolley, D. W., Proc. Soc. Exp. Biol. and Med., 46, 565 (1941). 

. MeIntire, J. M., Schweigert, B. S., and Elvehjem, C. A., J. Nutr., 27, 1 (1944). 
Cooperman, J. M., Waisman, H. A., and Elvehjem, C. A., Proc. Soc. Exp. Biol. 
and Med., 62, 250 (1943). 


to 


of 
ly 
t 
y 
at 
al 
d 
I] 
d 
l, 
} 


204 INOSITOL REQUIREMENT OF HUMAN CELLS 


8. 


Fenton, P. F., Cowgill, G. R., Stone, M. A., and Justice, D. H., J. Nutr., 42, 
257 (1950). Ershoff, B. H., Proc. Soc. Exp. Biol. and Med., 68, 479 (1946). 
Hamilton, J. W., and Hogan, A. G., J. Nutr., 27, 213 (1944). 


. Ershoff, B. H., and MeWilliams, H. B., Proc. Soc. Exp. Biol. and Med., 54, 227 


(1943). 


. Martin, G. J., Science, 93, 422 (1941). Nielsen, E., and Elvehjem, C. A., Proc. 


Soc. Exp. Biol. and Med., 48, 349 (1941). 


. Martin, G. J., and Ansbacher, 8., Proc. Soc. Exp. Biol. and Med., 48, 118 (1941). 


Sure, B., Science, 94, 167 (1941). Martin, G. J., Am. J. Physiol., 136, 124 
(1942). McIntire, J. M., Henderson, L. M., Schweigert, B. S., and Elvehjem, 
C. A., Proc. Soc. Exp. Biol. and Med., 54, 98 (1943). Nielsen, ., and Black, 
A., Proc. Soc. Exp. Biol. and Med., 56, 14 (1944). 


. Gavin, G., and McHenry, E. W., J. Biol. Chem., 189, 485 (1941); J. Biol. Chem.., 


141, 619 (1941). Gavin, G., Patterson, J. M., and McHenry, EK. W., J. Biol. 
Chem., 148, 275 (1943). Engel, R. W., J. Nutr., 24, 175 (1942). Owens, F. M., 
Jr., Allen, J. G., Stinger, D., and Dragstedt, L. R., Federation Proc., 1, pt. 2, 
65 (1942). Rubin, 8. H., and Ralli, E. P., Federation Proc.,1, pt. 2, 76 (1942). 


. Abels, J. C., Kupel, C. W., Pack, G. T., and Rhoads, C. P., Proc. Soc. Exp. Biol. 


and Med., 54, 157 (1943). Ariel, I. M., Abels, J. C., Murphy, H. T., Pack, G. 
T., and Rhoads, C. P., Ann. Int. Med., 20, 570 (1944). Abels, J. C., Ariel, 
I. M., Murphy, H. T., Pack, G. T., and Rhoads, C. P., Ann. Int. Med., 20, 580 
(1944). 


. Eagle, H., J. Biol. Chem., 214, 839 (1955); J. Exp. Med., 102, 37 (1955); Science, 


122, 501 (1955); Proc. Soc. Exp. Biol. and Med., 89, 96 (1955). Eagle, H., 
Oyama, V.I., Levy, M., Horton, C. L., and Fleischman, R., J. Biol. Chem., 218, 


607 (1956). 


. Eagle, H., J. Ezp. Med., 102, 595 (1955). 

. Oyama, V. I., and Eagle, H., Proc. Soc. Exp. Biol. and Med., 91, 305 (1956). 

. Eagle, H., Ovama, V. I., and Levy, M., Sctence, 128, 845 (1956). 

. Albritton, E. C., Standard values in blood, Philadelphia, 110 (1952). Sonne, &., 


and Sobotka, H., Arch. Biochem., 14, 93 (1947). 


. Angyal, S. J., and Matheson, N. K., J. Am. Chem. Soc., 77, 4843 (1955). Angyal, 


S. J., and McHugh, D. J., Chem. and Ind., 947 (1955). 


. Scholfield, C. R., and Dutton, H. J., J. Biol. Chem., 208, 461 (1954). 
. McKibbin, J. M., J. Biol. Chem., 220, 537 (1956). 
. Weidlein, FE. R., in The biochemistry of inositol, Mellon Institute bibliographic 


series, Pittsburgh, Bulletin No. 6, 40 (1951). 


23. Eagle, H., Proc. Soc. Exp. Biol. and Med., 91, 358 (1956). 
. Laszlo, D., and Leuchtenberger, C., Science, 97, 515 (1943). 
. Hesselbach, M. L., and Burk, D., Record Chem. Progress Kresge-Hooker Sc. Lib., 


5, 37 (1944). 


. Schopfer, W. H., Posternak, T., and Boss, M. L., Revue internat. de Vitaminologte, 


20, 121 (1948). 


27. Daughaday, W. H., Larner, J., and Hartnett, C., /. Biol. Chem., 212, 869 (1955). 
. Halliday, J. W., and Anderson, L., J. Biol. Chem., 217, 797 (1955). Stetten, 


M. R., and Stetten, D., Jr., J. Biol. Chem., 164, 85 (1946). Posternak, T., 
Schopfer, W. H., and Reymond, D., Helv. chim. acta, 38, 1283 (1955). 


. Luckey, T. D., Pleasants, J. R., Wagner, M., Gordon, H. A., and Reyniers, J. A.. 


J. Nutr., 67, 169 (1955). 


. Chang, R.8., Proc. Soc. Exp. Biol. and Med., 87, 440 (1954). 


15 
16 
17 
18 
20 
21 
22 
26 


31. 
32. Berman, L., and Stulberg, C.8., Proc. Soc. Exp. Biol. and Med., 92, 730 (1956). 

. Scherer, W. F., Syverton, J. T., and Gey, G. O., J. Exp. Med., 97, 695 (1953). 
34. Eagle, H., Proc. Soc. Exp. Biol. and Med., 89, 362 (1955). 

. Toolan, H. W., Cancer Res., 14, 660 (1954). 

. Osgood, E. E., and Brooke, J. H., Blood, 10, 1010 (1955). 

. Sanford, K. K., Farle, W. R., and Likely, G. D., J. Nat. Cancer Inst., 9, 229 


EAGLE, OYAMA, LEVY, AND FREEMAN 205 


Leighton, J., Kline, I., and Orr, H. D., Science, 123, 502 (1956). 


(1948). 


. Foley, G. E., and Drolet, B. P., Proc. Soc. Exp. Biol. and Med., 92, 347 (1956). 


a, 

Ere 

). 
4 
1, 

). 

0 

XUM 


206 INOSITOL REQUIREMENT OF HUMAN CELLS 


IcXPLANATION OF PLATE 1 


Fics. 1 ro 3. Cytopathogenic effects of inositol deficiency. Fig. 1, human liver 
after 7 days in inositol-deficient medium. Fig. 2, human fibroblast (D-189) after 
6 days in inositol-deficient medium. Fig. 3, human leucemia (strain J-111) after 6 
days in inositol-deficient medium. 

Fics. 4 ro 6. 6-day growth response of HeLa cell to graded concentrations of 
myo-inositol. Fig. 4, no inositol. Fig.5,3 10°‘ M. Fig. 6, 1074 a. 

Figs. 7 ro 9. 8-day growth response of KB cell to graded concentrations of myo- 
inositol. Fig. 7, no inositol. Fig. 8, 10°’ mM. Fig. 9, 10-5 am. 
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SEPARATION OF ADRENALINE, NORADRENALINE, 
AND HYDROXYTYRAMINE BY ION 
EXCHANGE CHROMATOGRAPHY * 


By NORMAN KIRSHNER axp McC. GOODALL} 


(From the Departments of Physiology and Biochemistry, Duke University 
School of Medicine, Durham, North Carolina) 


(Received for publication, July 27, 1956) 


Methods for the separation of adrenaline, noradrenaline, hydroxytyra- 
mine, and dihydroxyphenylalanine (dopa) by employing starch columns 
(2, 3), paper chromatography (4-7), or countercurrent extraction (8) have 
limited usage either because of the length of time required for the fractiona- 
tion or because of the small amounts of material that can be separated. 
A procedure is described below in which the weak cation exchange resin 
Amberlite IRC-50 is used to effect the separation of adrenaline, noradrena- 
line, hydroxytyramine, and dopa in less time than that required by pre- 
vious methods and in amounts which vary from 0.02 to 1.0 mg. 


EXPERIMENTAL 


Materials—Hydroxytyramine hydrochloride, /-noradrenaline bitartrate 
monohydrate, and /-adrenaline bitartrate were obtained from the Sterling- 
Winthrop Research Institute, 3,4-dihydroxyphenyl-pL-alanine from the 
Kastman Kodak Company, and Amberlite IRC-50 (XE-64), 200 to 400 
mesh, from the Rohm and Haas Company. 

Preparation of Resin—Amberlite IRC-50 (XE-64) was washed and 
cycled through the sodium and acid forms as described by Hirs, Moore, and 
Stein (9). The resin was buffered at pH 6.1] by suspending the acid form 
in 3 volumes of 0.2 mM acetic acid and adding concentrated ammonium 
hydroxide until a stable pH of 6.1 was reached. The resin was filtered and 
resuspended in 3 volumes of 0.2 M ammonium acetate at pH 6.1; concen- 
trated ammonium hydroxide was added, when necessary, to bring the pH 
to 6.1. When the pH of the mixture remained constant for 1 hour under 
continuous stirring, the resin was filtered, washed with fresh ammonium 
acetate buffer, and dried in air. : 

Preparation of Columns—Glass columns, 40 X 0.9 cm., fitted with 10/18 
standard taper joints containing a fritted glass disk, were used. The dried 


* A preliminary report of this work was presented at the meeting of the Federa- 
tion of American Societies for ixperimental Biology, Apr., 1956 (1). Supported by 
the United States Public Health Service, research grant No. H-2140. 

{ Established Investigator of the American Heart Association. 
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resin was stirred with 3 volumes of 0.2 M ammonium acetate at pH 6.1 
and then poured into the column. The height of the resin was adjusted to 
30 cm. The resin was washed with 100 ml. of buffer under sufficient 
pressure to give a flow rate of 1 to 2 ml. per minute. 

Operation of Columns—The pH of the solution to be chromatographed 
was adjusted to 6.1; 0.5 to 1.0 ml. was placed on the column. Immediately 
after the meniscus disappeared, 1.0 ml. of 0.2 M ammonium acetate buffer 
at pH 6.1 was added. After this buffer had seeped into the resin, 2 to 3 
ml. of 0.4 M ammonium acetate buffer at pH 5.0 were added, and the 
column was connected to a reservoir containing the buffer at pH 5.0. The 
flow rate was adjusted to deliver 3.5 to 4.0 ml. per hour. 1.5 ml. fractions 
were collected and assayed as described under ‘Quantitative measure- 
ments.” 

Preparation of E-xtracts—Extracts were prepared by homogenizing fresh 
suprarenal glands in 10 per cent trichloroacetic acid (TCA). After filter- 
ing the mixture, the TCA was removed from the filtrate by extraction with 
ether. The volume of the extract was reduced in vacuo by using a rotary 
evaporator; the pH was then adjusted to pH 6.1. An aliquot of this 
solution was used for chromatography. 

Quantitative Measurements—Prior to their separation on the ion exchange 
resin, the amounts of adrenaline and noradrenaline in the extracts of 
suprarenal glands were determined by the colorimetric method of von Euler 
and Hamberg (10); the amounts of adrenaline and noradrenaline in the 
separated fractions were determined by the colorimetric method (10) and 
by measuring their absorption at 279 mu. When prepared solutions of 
adrenaline, noradrenaline, hydroxytyramine, and dopa were chromato- 
graphed, the amounts of the catechols in the separated fractions were 
determined by their absorption at 279 mu. 


Results 


Stock solutions containing known amounts of adrenaline, noradrenaline, 
hydroxytyramine, and dopa were used in developing the fractionation 
procedure. Fig. 1 shows the separations obtained under the conditions 
described above. The recoveries obtained in three separate runs are 
shown in Table [. 

Fig. 2 illustrates the chromatographic separation of adrenaline and 
noradrenaline in a TCA extract of cat suprarenal glands. To determine 
whether other substances which would absorb light at 279 my were present 
in the adrenaline or noradrenaline fractions, TCA extracts of a number of 
suprarenal glands were chromatographed, and the amounts of adrenaline 
and noradrenaline in the separated fractions were determined both by 
the colorimetric method of von Euler and Hamberg (10) and by their 
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absorption at 279 mu. ‘Table II presents the data obtained. Paper chro- 
matograms (5) of samples from the respective fractions revealed only 
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Fic. 1. Separation of adrenaline, noradrenaline, hydroxytyramine, and dopa on 
Amberlite IRC-50. 1 ml. of a solution containing 400 y of each of the compounds was 
chromatographed. Column 30 X 0.9 em., equilibrated with a 0.2 M ammonium ace- 
tate buffer at pH 6.1. Elution with a 0.4 M ammonium acetate buffer at pH 5.0, 
starting at Fraction 1. Fraction size, 1.5 ml. The compounds, in order of emer- 
gence, are dopa, adrenaline, noradrenaline, and hydroxytyramine. 


TABLE I 

Recovery of Adrenaline, Noradrenaline, Hydroxytyramine, and Dopa 
Recovery of adrenaline, noradrenaline, hydroxytyramine, and dopa after chro- 
matographing a solution of the pure compounds. In each instance 1 ml. of solution 
containing 400 7 of each of the compounds was chromatographed. 


Amount recovered from 400 > 


Experiment 1 _ Experiment 2 Experiment 3 


| Y | 
Adrenaline.......... 355 | 339 | 378 
| 375 387 370 
331 349 379 
320 344 


adrenaline or noradrenaline. According to the amounts of adrenaline and 
noradrenaline present in the extracts before chromatography, the recovery 
of adrenaline ranged from 88 to 103 per cent, and the recovery of nor- 
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Fic. 2. Separation of adrenaline and noradrenaline in a TCA extract of cat supra- 
renal glands. The optical density of each fraction was determined at 279 mu. Con- 
ditions as given for Fig. 1. 


TABLE II 
Adrenaline and Noradrenaline in Adrenal Glands 


Amounts of adrenaline and noradrenaline found in extracts of adrenal glands 
before and after chromatographic separation, uncorrected for losses during chro- 
matography. The amounts of adrenaline and noradrenaline in the extracts were 
determined by the colorimetric method of von Kuler and Hamberg (10) prior to 
chromatography; after chromatography, the amounts of adrenaline and noradrena- 
line in the separated fractions were determined by the colorimetric method of von 
Kuler and Hamberg (10) and by measurement of the optical density at 279 mu. 


j 


After chromatographic separation 


279 mu Colorimetric 
Adrenaline | | Adrenaline | | Adrenaline 

| | | | 7 
47 | 40 | «1440 103 
665 797 | #686 |= 823 711 
| 391 121 350 | 106 | 374 | «166 
| 49 89 “s | 38 


adrenaline ranged from 73 to 103 per cent when calculated from the amount 
of adrenaline and noradrenaline determined in their respective fractions 
by measurement of the optical density at 279 mu. The recovery figures 
are uncorrected for losses which may have occurred during chromatography. 
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DISCUSSION 


Various factors affecting the separation of adrenaline, noradrenaline, 
and hydroxytyramine on Amberlite IRC-50 have been noted. In the 
course of this work, columns varying in size from 10 to 40 cm. were used. 
The resolution of the adrenaline, noradrenaline, and hydroxytyramine 
fractions decreases with columns shorter than 30 cm.; the increased resolu- 
tion with columns 40 em. long or longer does not justify the additional 
time necessary for the fractionation. The time required for the fractiona- 
tion cannot be appreciably decreased by increasing the flow rate beyond 
4.5 ml. per hour; greater flow rates cause trailing. 

The separation of adrenaline, noradrenaline, and hydroxytyramine is 
dependent upon the pH of the resin and the pH of the eluent. Increasing 
the pH of the resin to 6.6 greatly enhances the separation of adrenaline 
from noradrenaline but decreases the separation of noradrenaline from 
hydroxytyramine. Decreasing the pH of the resin below pH 6.0 increases 
the resolution of the hydroxytyramine and noradrenaline fractions but 
decreases the separation of adrenaline from noradrenaline. Changing the 
pH of the eluent buffer will cause similar shifts in the resolving capacity 
of the resin. 

Increasing the ionic strength of the eluent buffer will increase the rate 
at which the compounds migrate down the column. The increased resolu- 
tions obtained with buffers less than 0.4 M are again not sufficient to com- 
pensate for the increased time required for the fractionations. Increasing 
the molarity of the buffer beyond 0.4 mM causes increased losses of adrenaline, 
noradrenaline, and hydroxytyramine and decreases the resolution for all 
three of the compounds. 


SUMMARY 


|. A procedure for the separation of adrenaline, noradrenaline, and 
hydroxytyramine by using Amberlite IRC-40 is described. 

2. In three experiments with pure solutions, the recoveries were adrena- 
line, 85 to 95 per cent; noradrenaline, 95 to 97 per cent; and hydroxy- 
tyramine, 83 to 95 per cent. 

3. In five experiments with trichloroacetic acid extracts of suprarenal 
glands, the recovery of adrenaline calculated from the optical density at 
279 my ranged from 88 to 103 per cent; recovery of noradrenaline ranged 
from 73 to 103 per cent. 

4. Various factors affecting the separation of the catechol amines are 
discussed." 
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BIOSYNTHESIS OF ADRENALINE AND 
NORADRENALINE IN VITRO* 


By McC. GOODALLT ann NORMAN KIRSHNER 


(From the Departments of Physiology and Biochemistry, Duke University 
School of Medicine, Durham, North Carolina) 


(Received for publication, July 27, 1956) 


During the past several years evidence has accumulated to support the 
hypothesis proposed by Blaschko in 1939 (2) that adrenaline and nor- 
adrenaline are formed according to the pathway illustrated in Fig. 1. Ex- 
periments by Gurin and Delluva (3) and by Udenfriend et al. (4) demon- 
strated that the rat and rabbit could convert C'-labeled phenylalanine 
and C-labeled tyrosine to C-labeled adrenaline zn vivo. Later, Uden- 
friend and Wyngarden (5) showed that 3 ,4-dihydroxyphenylalanine (dopa) 
and 3,4-dihydroxyphenylethylamine (hydroxytyramine) could be con- 
verted by the rat zn vivo to adrenaline. While the work herein described 
was in progress, Hagen (6) reported that homogenates of chicken adrenal 
glands formed hydroxytyramine and noradrenaline when incubated with 
dopa. Hitherto, there has been no evidence to show that tyrosine is con- 
verted in a sequence to dopa, hydroxytyramine, noradrenaline, and adrena- 
line in the mammalian adrenal gland; evidence for the occurrence of this 
sequence of reactions in bovine adrenal slices is presented below. 

Materials—Uniformly labeled L-tyrosine-C™ and 38,4-dihydroxyphenyl- 
pL-alanine-2-C" were obtained from the Nuclear Instrument and Chemical 
Corporation; tyramine-8-C™ was obtained from Bio-Rad Laboratories; 
3,4-dihydroxyphenylethylamine-8-C™ was prepared by enzymatic decar- 
boxylation of dopa-2-C™ by using a guinea pig kidney homogenate (7), 
and then was purified by ion exchange chromatography (8). 

Methods—Hydroxytyramine, adrenaline, and noradrenaline were sepa- 
rated by ion exchange chromatography and estimated as described in the 
preceding paper (8). All radioactivity measurements were made with a 
windowless flow counter which had an average background count of 46 
c.p.m. Unless otherwise indicated, the time necessary to accumulate 
6400 counts was measured. All the data presented herein have been cor- 
rected for background radiation. 

* A preliminary report of this work was presented at the meeting of the Federa- 
tion of American Societies for Experimental Biology, Apr., 1956 (1). Supported by 
the United States Public Health Service research grant No. H-2546. 

7 Mstablished Investigator of the American Heart Association. 
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Fic. 1. Proposed pathway for the formation of noradrenaline and adrenaline 


(Blaschko (2)). 


EXPERIMENTAL 


Formation of Adrenaline, Noradrenaline, and Hydroxytyramine from 
Tyrosine—Slices of adrenal gland 0.5 to 1.0 mm. thick were prepared from 
fresh beef adrenal glands obtained at a local abattoir. 0.1 to 0.2 gm. of the 
tissue slices was incubated in the Krebs phosphate buffer (9), pH 7.4, at 
37° for the time indicated in the various experiments. A gas mixture 
containing 95 per cent Oz and 5 per cent COz was bubbled through the 
medium during the incubation period. Unless otherwise indicated, each 
reaction mixture contained 10 wmoles of glucose, 50 y of pyridoxal phos- 
phate, and 1 X 10° ¢.p.m. of uniformly labeled L-tyrosine-C™ having a 
specific activity of 7.7 mc. per millimole; the final volume was 3 ml. At 
the end of the incubation the slices were homogenized in the reaction 
medium by use of a Potter-Elvehjem homogenizer. Extracts of the homog- 
enate were prepared for ion exchange chromatography by precipitating the 
protein with trichloroacetic acid (TCA) at a final concentration of 5 per 
cent; the TCA was removed from the filtrate by extraction with ether. 

Before the separation of adrenaline, noradrenaline, and hydroxytyramine, 
a preliminary purification of the compounds was achieved by ion exchange 
on a 2.5 X 0.9 em. column of Amberlite IRC-50. The resin was prepared 
as previously described (8). The pH of the TCA extract was adjusted to 
6.1 to 6.3; the solution was then placed on the column and allowed to run 
through at a flow rate of about 1 ml. per minute. After the extract had 
passed through the resin, the resin was washed with three 3 ml. portions of 
distilled water. The catechol amines were then eluted from the column 
with three 5 ml. portions of 2.0 mM acetic acid. The acetic acid and ammo- 
nium acetate were removed in vacuo at 35° by using a rotary evaporator. 
The residue was dissolved in 2.7 ml. of 0.2 M ammonium acetate buffer at 
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pH 6.1; 300 y of non-labeled hydroxytyramine in 0.3 ml. of water were 
added as a carrier. A 1 ml. aliquot of this solution was then chromato- 
graphed on a 30 X 0.9 em. column of Amberlite IRC-50 as previously 
described (8). The amounts of adrenaline, noradrenaline, and hydroxy- 
tyramine in each of the fractions containing these compounds were deter- 
mined by measuring the optical density at 279 my. An aliquot of each of 
the fractions was plated out and evaporated to dryness for assay of radio- 
activity. In the drying process the ammonium acetate sublimed, leaving 
a residue of such small weight that no corrections were necessary for self- 
absorption. In some experiments, rather than obtaining an assay of each 
of the fractions, the fractions containing adrenaline, those containing nor- 
adrenaline, and those containing hydroxytyramine were each combined 
and evaporated to dryness in vacuo at 35°; the residues were dissolved in 
water and an aliquot plated out for measurement of radioactivity. 


Results 


Figs. 2 and 3 show the incorporation of radioactivity into the adrenaline, 
noradrenaline, and hydroxytyramine fractions after a 3 and a 6 hour 
incubation of adrenal slices with L-tyrosine-C' as described above. The 
amounts of adrenaline and noradrenaline indicated by the solid line are 
mainly due to endogenous adrenaline and noradrenaline, whereas the peaks 
indicating the amounts of hydroxytyramine are due mainly to the added 
unlabeled hydroxytyramine. The absolute amounts of adrenaline, nor- 
adrenaline, and hydroxytyramine formed from C'-tyrosine are not detecta- 
ble by the sensitivity of the optical method employed here. The identity 
of adrenaline-C™, noradrenaline-C"™, and hydroxytyramine-C"™ was further 
established by paper chromatography. The fractions corresponding to 
each of the above compounds were pooled, evaporated to dryness in vacuo, 
dissolved in a small volume of alcohol, and placed on Whatman No. 1 
filter paper. The chromatograms were developed for 18 hours in butyl 
alcohol saturated with 1 N HCl (10); the locations of the catechol amines 
were determined by spraying the paper with 0.5 per cent potassium fer- 
rieyanide in phosphate buffer at pH 7.5 (11). The strips, each containing 
but one of the catechol amines, were cut into sections 1 KX 0.5 em. The 
radioactivity in each section was then determined; only those sections 
which corresponded to the locations of adrenaline, noradrenaline, and 
hydroxytyramine were radioactive. 

In addition, picrate derivatives of noradrenaline and hydroxytyramine 
were prepared and recrystallized to constant specific activity. The nor- 
adrenaline fractions and the hydroxytyramine fractions were evaporated 
to dryness in vacuo at 35°; 20 mg. of either non-labeled hydroxytyramine 
or noradrenaline in 0.5 ml. of water were added to their respective fractions; 
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Fic. 2. Formation of radioactive adrenaline, noradrenaline, and hydroxvty- 
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Fic. 3. Formation of radioactive adrenaline, noradrenaline, and hydroxyty- 
ramine from radioactive tyrosine. [Experimental conditions described in text. In- 
cubation time, 6 hours. From left to right, the peaks are adrenaline, noradrenaline. 
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(0.2 ml. of a saturated solution of sodium picrate was then added to each. 
Hydroxytyramine picrate precipitated shortly after the addition of the 
sodium picrate; noradrenaline picrate crystallized upon cooling. The 
picrates were filtered, washed with ice-cold water, and dried. An aliquot 
was taken for assay of radioactivity and the remainder was erystallized 
from hot water. Table I gives the data obtained. 

Effect of Time—In Fig. 4 is a plot of the incorporation of radioactivity 
into the adrenaline, noradrenaline, and hydroxytyramine fractions over an 
8 hour period. For the first 2 hours the greatest amount of radioactivity 
is found in the hydroxytyramine fraction; subsequently the amount of 
radioactivity in the noradrenaline fraction surpasses that in the hydroxy- 


TABLE I 


Recrystallization of Noradrenaline Picrate and Hydroxrytyramine Picrate 
to Constant Specific Activity 


The amounts of noradrenaline picrate counted varied from J4 mg. initially to 4 
mg. after the third recrystallization; the amount of hydroxytyramine picrate varied 
from 20 mg. initially to 8 mg. after the third recrystallization. In each instance the 
time required to accumulate 4000 counts was measured. Counts were corrected for 
background and for self-absorption. The background count was 46 ¢.p.m. 


C.p.m. per mg. of picrate derivative 


No. of recrystallizations 


0 | 102 23 
1 | 86 16 
2 | 105 23 
3 99 20 


tyramine fraction; this is the expected result if hydroxytyramine is the 
precursor to noradrenaline. The incorporation of radioactivity into the 
adrenaline fraction proceeds at a much slower rate; however, after 6 hours 
the activity in this fraction is still increasing, while the activity in the 
noradrenaline fraction is beginning to decline. At 6 hours, 1.9 per cent of 
the initial amount of tyrosine is converted to noradrenaline; the amount 
of adrenaline formed represents 0.36 per cent of the initial activity of the 
tyrosine. 

Formation of Adrenaline and Noradrenaline from Dopa and Hydroxy- 
lyramine—Evidence that dopa and hydroxytyramine are intermediates and 
that tyramine is not an intermediate in the formation of noradrenaline was 
obtained by incubating tissue slices in the presence of C-labeled dopa, 
hydroxytyramine-C™, and C-labeled tyramine... Table II shows that 
tyrosine, dopa, and hydroxytyramine can be used for the formation of 
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Fic. 4. Rate of formation of adrenaline, noradrenaline, and hydroxytyramine 
from tyrosine by adrenal slices. Slices were incubated under the conditions de- 
scribed in the text. At the indicated times the slices were homogenized and ex- 
tracts prepared. After adrenaline, noradrenaline, and hydroxytyramine were sep- 
arated by ion exchange chromatography, their fractions were combined and assayed 
for radioactivity. The counts per minute were corrected for a constant weight of 
tissue, in this instance, 0.2 gm. of gland. 


TaBLeE II 
Formation of Adrenaline and Noradrenaline from Possible Intermediates 


The incubation system contained 2.7 ml. of the Krebs phosphate buffer, pH 7.4, 
50 y of pyridoxal phosphate, 10 uwmoles of glucose, 0.2 gm. of tissue slices, and the 
indicated labeled compound in a final volume of 3 ml. Incubation time, 3 hours. 
The amounts of tracers used were tyrosine 5 X 10° ¢.p.m., pL-dopa 6 X 105 ¢.p.m., 
hydroxytyramine 5 X 104 ¢.p.m., and tyramine 5 X 10‘ ¢.p.m. The radioactivity in 
each of the fractions is the actual number of counts corrected to a constant weight 
of tissue, in this instance 0.2 gm. 


C.p.m. per 0.2 gm. of tissue 


Substrate 
Adrenaline | Noradrenaline Hydroxytyramine 
L-Tyrosine 198 | 1,156 | 1,900 
pL-Dopa | 169 | 10,100 | 59, 200 
Hydroxytyramine | 64 | 760 | 1,975 
Tyramine | 7 | 51 | 30 
L-Tyrosine* | | S | 62 
pL-Dopa* | 64 : 27 | 35 


* Boiled prior to incubation. 
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noradrenaline and adrenaline by tissue slices, whereas tyramine is not 
utilized. The poor recovery of hydroxytyramine is due to its destruction 
by the monoamine oxidase of the adrenal tissue. The amount of labeled 
adrenaline formed from labeled hydroxytyramine is not significant in this 
instance. The amount of labeled adrenaline formed from labeled tyrosine 
and from labeled dopa is significantly above that in the boiled controls. 
It can be seen (Fig. 4) that the amount of labeled adrenaline found in 3 
hours is quite small; that the radioactivity in this fraction is due to adrena- 
line can be seen from Figs. 2 and 3. 

Isotope Dilution Experiments—Isotope dilution experiments were per- 
formed in which unlabeled dopa, hydroxytyramine, and tyramine were 


TaBLe III 
Isotope Dilution Effects 
Mach reaction flask contained 2.0 ml. of the Krebs phosphate buffer, pH 7.4, 10 
umoles of glucose, 50 y of pyridoxal phosphate, 1 X 10° e.p.m. of L-tyrosine-C"™, and 
0.2 gm. of fresh adrenal slices. Addition of unlabeled compounds are listed. In. 
cubated 4 hours at 37° in an atmosphere of 95 per cent Os and 5 per cent COs. 


C.p.m. per 0.2 gm. tissue 


Experiment Additions 
No. | | ore Hydroxy - 
| ! Adrenaline | Noradrenaline tyramine 
2 | 400 y pL-dopa | | 
3 | 200 “ hydroxytyvramine 1594 | 9,641 | 3796 


each added to adrenal tissue slices synthesizing adrenaline-C', noradren- 
alme-C™, and hydroxytyramine-C™ from tyrosine-C'. Because of the 
chemical oxidation of dopa and hydroxytyramine, and because of alternate 
pathways for the metabolism of hydroxytyramine and tyramine, the re- 
sults obtained have only qualitative significance. However, Table III does 
show that the addition of unlabeled dopa and unlabeled hydroxytyramine 
decreases the amount of C' incorporated into the noradrenaline fractions, 
whereas the addition of unlabeled tyramine does not have a dilution effect. 

Formation of Adrenaline and Noradrenaline in Homogenates, Oo Require- 
ment, and Inhibition by Cyanide—The formation of noradrenaline from 
hydroxytyramine requires oxygen both in slices and in homogenates (Table 
IV). When the incubations are carried out in the absence of air, the 
amount of noradrenaline formed in homogenates and in tissue slices is 
only about 5 per cent of the amount found when the incubations are per- 
lormed in 95 per cent Ov. Cyanide in a concentration of 10-° Mm almost 
completely inhibits the formation of noradrenaline. 
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The amount of radioactivity in the hydroxytyramine and noradrenaline 
fractions found in homogenates is only about one-third of the amounts 
found in slices when the incubations are carried out in 95 per cent oxygen; 
this is probably due to the more rapid destruction of hydroxytyramine by 
monoamine oxidase in the homogenates. 


TABLE IV 


Formation of Adrenaline and Noradrenaline by Slices and Homogenates in 
NV», 95 per cent Ov, and in Presence of Cyanide 


Each incubation mixture contained 2.0 ml. of the Krebs phosphate buffer, pH 
7.4, 10 umoles of glucose, 50 y of pyridoxal phosphate, and 1 we. of pL-dopa-2-C' = 
1.2 X 106 ¢.p.m. Incubation time, 3 hours. Homogenates contained 0.2 gm. of 
gland per incubation. Slices weighed approximately 0.2 gm. All the figures were 
corrected to the same weight of gland. The final concentration of CN~ was 1075 
M. Total volume, 3 ml. 


C.p.m. per 0.2 gm. of tissue 


Preparations Gas phase 

Slices 465 26,210 110, 500 
ae No 7 7 276,000 
Homogenate Oo-CO>» 124 8,080 36, 900 
+ CN- O.-CO»2 182 700 55, 800 
Ne 89 380 360, 000 

DISCUSSION 


A wide variety of pathways for the formation of adrenaline and _nor- 
adrenaline from tyrosine can be postulated. A pathway in which tyrosine 
is decarboxylated to form tyramine and the latter is subsequently oxidized 
to adrenaline and noradrenaline can be ruled out for several reasons. First, 
in experiments in which C-labeled tyramine was incubated with adrenal 
slices, the labeling in the adrenaline and noradrenaline fractions was 
insignificant. Second, in isotope dilution experiments, non-labeled tyra- 
mine added to the incubation mixtures did not decrease the amount of 
C-labeled noradrenaline that was formed. Third, no labeled tyramine 
could be detected when adrenal slices were incubated with C-labeled 
tyrosine. These results show that tyramine is not an intermediate in the 
formation of noradrenaline. 

The evidence herein presented supports the scheme proposed by Blaschko 
(Fig. 1) as the metabolic pathway for the formation of adrenaline and 
noradrenaline. It has been shown that adrenal slices form adrenaline, 
noradrenaline, and hydroxytyramine from tyrosine. Moreover, lig. 4 
suggests that hydroxytyramine is the precursor to noradrenaline, although 
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it is not possible to demonstrate this relationship more rigorously in adrenal 
slices by the method of Zilversmit et al. (12). It has also been shown 
that 3,4-dihydroxyphenylalanine and hydroxytyramine can be utilized by 
the adrenal gland for the synthesis of adrenaline and noradrenaline. Fur- 
thermore, isotope dilution studies indicate that dihydroxyphenylalanine 
and hydroxytyramine are intermediates in the formation of noradrenaline. 
The data do not exclude the possibility that dihydroxyphenylserine may 
be involved in the pathway. Whether the sequence of reactions is dopa to 
hydroxytyramine to noradrenaline or dopa to dihydroxyphenylserine to 
noradrenaline has not been unequivocally established; but the evidence 
presented above supports the former sequence. 


SUMMARY 


1. Adrenal slices form hydroxytyramine, noradrenaline, and adrenaline 
from tyrosine and from 3,4-dihydroxyphenylalanine; noradrenaline and 
adrenaline are formed from hydroxytyramine. 

2. In the presence of unlabeled dopa and unlabeled hydroxytyramine 
the amount of noradrenaline formed from C'4-labeled tyrosine is decreased ; 
tyramine, under identical conditions, does not decrease the formation of 
noradrenaline from tyrosine. 

3. Oxygen is required for the formation of noradrenaline from dopa and 
from hydroxytyramine; cyanide in a concentration of 10~5 m inhibits the 
reaction. 

4. The metabolic pathway for the formation of adrenaline and nor- 
adrenaline is discussed. 
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THE CATABOLISM OF C4-LABELED URACIL, DIHYDRO- 
URACIL, AND 6-UREIDOPROPIONIC 
ACID IN RAT LIVER SLICES* 


By PER FRITZSON{ 


(From Norsk Hydro’s Institute for Cancer Research, The Norwegian Radium 
Hospital, Oslo, Norway) 


(Received for publication, September 18, 1956) 


Previous work in this laboratory (1) demonstrated the formation of 
g-alanine-C™“ and carbon dioxide-C" from uracil-6-C™ in rat liver slices.! 
The results further indicated that the degradation of 8-alanine is the rate- 
limiting step in the oxidation of carbon atoms 4, 5, and 6 of uracil to carbon 
dioxide. The difficulty in detecting intermediates in the breakdown of 
uracil to B-alanine was ascribed to the rapid and quantitative conversion 
of dihydrouracil-6-C™ to 6-alanine. 

Recently the work of Canellakis (2) demonstrated dihydrouracil (DHU) 
and B-ureidopropionic acid (BUP) as the intermediates of uracil degrada- 
tion in the supernatant fluid from rat liver homogenates. 

The present work describes the further study of the catabolism of uracil 
in rat liver slices by means of C!4-labeled uracil, DHU, BUP, and @-alanine. 
The formation of 6-alanine from uracil is demonstrated, and the inter- 
mediates DHU and BUP have been identified. The reversibility and rates 
of degradation of the different steps in this process have been investigated. 


EXPERIMENTAL 


Synthesis of Compounds—The preparation and tests of purity of uracil- 
6-C4, DHU-6-C", BUP-3-C™, and @-alanine-1-C™ are described elsewhere 
(3, 4). Unlabeled @-ureidopropionic acid was synthesized from 8-alanine 
and potassium cyanate (5, 6). To the reaction mixture was added hydro- 
chloric acid equivalent to the potassium cyanate. The 6-ureidopropionic 
acid crystallized on concentration of the solution on a boiling water bath. 
After recrystallization from water, the compound melted at 170—171°, 
reported m.p. 170—-171° (5) and 169-170° (7). When used as substrate, 
the acid was neutralized to pH 7. 


* This investigation was supported by grants from The Norwegian Cancer So- 
ciety. A part of the work was presented at the meeting of the Swedish Biochemical 
Society, Upsala, Sweden, January 27-28, 1956 (1). 

+ Fellow of The Norwegian Cancer Society. 

1 The numbering system used is that of “Chemical abstracts,’’ in which uracil is 
2,4-dihydroxypyrimidine. 
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Incubation Techniques—White rats weighing about 180 gm. were used 
in the experiments. The livers were removed under ether anesthesia, 
washed in ice-cold Krebs-Ringer-phosphate solution, and rapidly sliced 
with a Stadie-Riggs microtome. Three slices from the pooled livers of two 
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Fig. 1. Distribution of radioactivity along the strips after chromatography in 
three solvent systems of the supernatant fluid from the incubation of rat liver slices 
with 1 umole of uracil-6-C™ and 30 umoles of unlabeled DHU (Experiment 5 in Table 
I). The solvent systems were (A) n-butanol-acetic acid-water (4:1:5), (B) collidine 
saturated with water, and (C) isopropanol-ethanol-water (85:85:30). In the latter 
system the paper was pretreated with 1 m KCl and m/15 sodium phosphate buffer at 
pH 7.4. The solvent traveled 35 to 40 cm. beyond the point of application of the 
sample. The activity of a compound, represented by a peak in the diagram, is ex- 
pressed in per cent of the total activity on the strip. The peak with Rr 0.36 appeared 
only occasionally in the collidine-water chromatograms. 
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rats were added to each incubation vessel containing 2.5 ml. of Krebs- 
Ringer-phosphate solution. Unlabeled compounds were dissolved in the 
Krebs-Ringer solution beforehand. 1 umole of labeled compound in 0.5 
ml. of saline was added to each flask immediately prior to incubation. The 
incubations were carried out in air at 37°. At the end of the incubation 
period the enzymatic activity was terminated by heating the incubation 
mixture in a boiling water bath for 3 minutes with subsequent cooling. 
The mixture was homogenized, the proteins were centrifuged, and the 
supernatant fluid was analyzed for radioactive compounds by paper strip 
chromatography in three solvent systems with subsequent counting of the 
activity along the strips. 

Blank preparations were made by heating the incubation mixture at 100° 
for 3 minutes before addition of the labeled compound. 

The CO, formation from the labeled substrates was determined in 
separate experiments in 15 ml. Warburg vessels containing 0.4 ml. of 4 N 


~ NaOH absorbed on a roll of filter paper in the center well. The reactions 


were terminated by adding 0.3 ml. of 30 per cent trichloroacetic acid, and 
the flasks were shaken for an additional 1 hour. The carbonate was 
precipitated and counted as BaCQs. 

Analytical Procedure—100 ul. (representing a radioactivity of about 700 
«p.m. on the strip) of the supernatant fluid from the incubation mixture 
were subjected to paper strip chromatography in three solvent systems. 
After development of the chromatograms the strips were cut in 1 em. 
pieces with subsequent counting under a thin window Geiger-Miiller 
counter. The activity of the resulting peaks was expressed in per cent of 
the total activity on the strip (Fig. 1). Corrections for loss of activity 
during incubation were made if the C"O2 evolution was 1 per cent or more. 
The analytical procedure is described in detail in another report (3). 


RESULTS AND DISCUSSION 


The amounts of radioactive compounds detected in the supernatant 
fluid after incubation of rat liver slices with various substrates are recorded 
in Table I. Experiments 1, 2, 4, 5, and 6 clearly demonstrate the formation 
of 8-alanine from uracil. The data indicate that this process is slow, and 
the subsequent experiments demonstrate that the rate-limiting step is the 
initial reduction of uracil to DHU. Calculations of the initial rate of 
reduction, based on Experiments 1, 4, 5, and 6, indicate that about 0.15 
umole of uracil is reduced to DHU per hour in 0.5 gm. of liver slices. 
Experiment 3, in which the labeled uracil was diluted with 10 umoles of 
unlabeled compound, showed no significant activity of B-alanine in the 
chromatograms. In this experiment, however, the degradation of 0.11 
umole of uracil to B-alanine corresponds to about 7 c.p.m. in the chroma- 
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tograms, which is near the limit of detection. This fact can explain that 
B-alanine could not be clearly detected. The experiment suggests that a 
greater concentration of uracil does not increase the yield of 8-alanine. 


TABLE | 
Radioactive Compounds Detected after Incubation of Labeled Substrates 
with Rat Liver Slices 

The substrates were incubated with 0.4 to 0.6 gm. of liver slices in a final volume 
of 3 ml. of Krebs-Ringer-phosphate solution. The reactions were carried out in 
sir in stoppered 15 ml. Warburg vessels in a shaking incubator at 37°. The reaction 
mixtures were analyzed for radioactive compounds by paper strip chromatography 
and subsequent counting of the activity along the strip. 1 per cent of a compound 

corresponds to about 7 ¢.p.m. on the strip. 


umoles BUP | 


Amounts of radioactive compounds detected 
5 after incubation* 
Time 
Substrate | | pai. 
tion | Ura-| HU! @-Alanine | COs | fied 
| “activ 
| | | | 
| hrs. | 
1 1 wmole uracil-6-C" 6 4 
| 2.0 | 77; 0; OF 14 5 4 
3 | 11 wmoles uracil-6-C!! 9 0 | Insignif- 2 
| |  jeant 
4 | 1 wmole uracil-6-C™ + 20 wmoles | 0.5 O 4 3 
DHU | 
5 | 1 wmole uracil-6-C'! + 30 wmoles 1.0 79) O | 4 
6 1 umole uracil-6-C'! + 30 umoles 1.0 82. 4 10 | 4 
BUP | | 
7 | 1 umole DHU-6-C" 05); 0; 0, 9 j1 | 0 
| 16 umoles DHU-6-C!! 0.5, 0, 6; () 
9\31 10.51 7| 14 0 
10; 31 + 15yumoles | 1.0) 0) 57! 36 | 0 
uracil | | | 
11 | 1 pmole DHU-6-C'* + 30 wmoles | 0.5 | 0 | 17 | 55 | 28 | 0 
BUP | | | | 
12 | 31 umoles BUP-3-C! 1.0; 17/68) 31 | 0 
13° 1 ywmole B-alanine-1-C' + 30. 1.0 | | 


* Expressed in per cent of the added activity. 


In Experiments 1 and 2 no intermediate reduction products were detected. 
Experiments 4 and 5, however, in which labeled uracil was incubated in 
the presence of carrier DHU, clearly demonstrate that DHU is an inter- 
mediate in the breakdown of uracil to 6-alanine (Fig. 1). The ratio be- 
tween labeled DHU and £-alanine is in accordance with the observation 
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that about half the amount of DHU is broken down to §-alanine during 
the incubation. The possibility that the peak of DHU was due to adsorp- 
tion of labeled uracil to the relatively large amount of inactive DHU in 
the collidine-water chromatogram was excluded by addition of an appro- 
priate amount of unlabeled DHU to a heat-coagulated incubation mixture 
after uracil incubation. No activity was found at the Rr of DHU after 
chromatography. 

The expected role of BUP as an intermediate in the breakdown of uracil 
to 6-alanine is confirmed in Experiment 6, in which carrier BUP was added. 
Experiments 7 to 11 demonstrate the formation of 8-alanine and BUP 
fom DHU. Experiment 11, in which carrier BUP was added, also demon- 
strates that BUP is an intermediate in the hydrolysis of DHU to @-alanine. 
The data from the latter experiment further show that DHU is still present 
after 30 minutes of incubation, in contrast to Experiment 7 in which all 
DHU was converted to B-alanine. This observation can be explained by 
aconversion of BUP to DHU or by an inhibition of the hydrolysis of DHU. 
A slight conversion of BUP to DHU was observed occasionally in the 
chromatographic analysis of Experiment 12, and the same reaction has 
previously been demonstrated in rat liver preparations (8, 9). These 
facts indicate that the activity recovered in DHU in Experiment 11 was, 
at least in part, due to a conversion of BUP to DHU. 

The radioactivity found in 8-alanine in Experiment 11 is surprisingly 
high in view of the limited breakdown of BUP found in Experiment 12. 
This detection may be due to the existence of a catabolic pathway of DHU 
not including BUP, or it may reflect an insufficiency of BUP in trapping 
the activity, depending on a slow diffusion of the ureido compound into the 
cells. No evidence has been found for the first interpretation (8). The 
latter explanation is favored by observations of Fink (10), who has pointed 
out that exogenous ureidopropionic acid might reach intracellular enzyme 
systems at a slower rate than the less polar dihydropyrimidine. 

Calculations based on the data from Experiments 8, 9, and 10 show that 
13 umoles of DHU are converted to BUP in 1 hour, and that 10 umoles of 
the BUP formed are further converted to @-alanine. The latter result 
agrees with calculations from the data of Experiment 12, which demon- 
strate the conversion of BUP to 6-alanine. Experiment 13 shows that no 
activity was found in BUP after incubation of labeled 8-alanine with carrier 
BUP, a fact indicating that this step is irreversible (9). The irreversibility 
of the first step in the uracil degradation is demonstrated in Experiment 10. 
No radioactivity was found in the uracil after incubation of labeled DHU 
with carrier uracil, nor did the other incubations with labeled DHU give 
evidence for a conversion of DHU to uracil. Fink et al. (8) detected uracil 
by chromatographic methods after incubation of rat liver slices with un- 
labeled DHU. ‘The possibility was considered that the occurrence of uracil 
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might be due to a release of uracil from the tissue in the presence of an 
excess of DHU. The present results support this interpretation. 

The experimental results can be summarized by the following reaction 
scheme: 


0.15 wmole per hr. 13 wmoles per hr. 
Uracil > DHU , > 


10 wmoles per hr. 0.03 umole per hr. 
BUP > 8-alanine 


+ CHs COOH | 


The conversion of B-alanine to carbon dioxide and acetic acid and the rate 
of oxidation of B-alanine to carbon dioxide in liver slices are described in 
previous reports (11, 1). 


SUMMARY 


Rat liver slices have been incubated with C'-labeled uracil, dihydroura- 
cil, B-ureidopropionic acid, and B-alanine. The radioactive products were 
analyzed by paper strip chromatography. Uracil was shown to be de- 
graded to B-alanine, and the intermediates dihydrouracil and 8-ureidopro- 


pionic acid were demonstrated. The conversion of dihydrouracil to | 


8-ureidopropionic acid was found to be the only reversible step in this 
process. The rates of conversion of uracil to dihydrouracil, dihydrouracil 
to B-ureidopropionic acid, and B-ureidopropionic acid to B-alanine were 


found to be 0.15, 13, and 10 uwmoles per hour per 0.5 gm. of liver slices, | 


respectively. 


The author wishes to express his appreciation to Mrs. Anne M. Haug 
for her technical assistance. 
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THE CATABOLISM OF C!-LABELED URACIL, DIHYDRO- 
URACIL, AND B-UREIDOPROPIONIC 
ACID IN THE INTACT RAT* 


By PER FRITZSONT axnp ALEXANDER PIHL 


(From Norsk Hydro’s Institute for Cancer Research, The Norwegian Radium 
Hospital, Oslo, Norway) 


(Received for publication, October 22, 1956) 


In animal tissues, thymine and uracil may be degraded to 8-amino acids 
by way of the corresponding dihydropyrimidines and 6-ureido acids. The 
existence of this reductive pathway of pyrimidine catabolism, which was 
first suggested by Fink et al. (1-3), has recently been established beyond 
doubt in tracer experiments in vitro (4-7). However, the significance of 
this pathway zn vivo is not yet clear. Thus, only small amounts of B-amino- 
isobutyric acid could be detected in the urine of rats given unlabeled thy- 
mine, and attempts to demonstrate the conversion of uracil to the suggested 
intermediates were unsuccessful (8). 

In the present work the metabolism of uracil, dihydrouracil (DHU), 
and 6-ureidopropionic acid (BUP), labeled with C" in corresponding carbon 
atoms, has been studied in intact rats. It is demonstrated that these 
compounds are rapidly and extensively catabolized, the C'™ appearing in 
the respiratory CO. at almost identical rates. After administration of 
C-labeled uracil, significant fractions of the radioactivity appear in uri- 
nary DHU, BUP, and @-alanine. The data provide evidence that the con- 
version of uracil to DHU, BUP, and @-alanine is the principal pathway of 
uracil catabolism in intact rats. 


EXPERIMENTAL 


Synthesis of Labeled Compounds—Uracil-6-C™ and dihydrouracil-6-C" 
were synthesized by procedures described previously (9).! @-Ureidopro- 
pionate-3-C™ was prepared by treatment of dihydrouracil-6-C™ with a 
20-fold excess of 0.1 N NaOH, according to Batt ef al. (10). After 1 hour 
at room temperature, 0.1 N HCl was added to pH 7.0. The resulting pro- 
pionate solution was used in the experiments. 


* Supported by grants from The Norwegian Cancer Society. 

+ Fellow of The Norwegian Cancer Society. 

The numbering system used is that of “Chemical abstraets,’’ in which uracil is 
2,4-dihydroxypyrimidine. 
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The labeled compounds showed only one radioactivity peak in the three 
chromatographic systems used in this work. No trace of DHU was found 
in the synthetic uracil. The labeled uracil, dissolved in 0.01 x HCl, had 
an Ey (molar extinction coefficient) value of 7.94 & 10* at its maximum of 
258 my and a 260:280 my absorption ratio of 5.03. The corresponding 
values for a commercial sample of uracil (Schwarz Laboratories, Inc.) 
were 8.07 X 10° and 5.36, respectively. 

Animal Experiments—Female albino rats, weighing about 180 gm. 
were injected intraperitoneally with 4 uwmoles of the labeled compounds, 
dissolved in 2 ml. of isotonic saline. Immediately after injection each 
rat was placed in a glass metabolism cage (11), and the respiratory CO, 
and the urine were collected for 10 hours. The expired CO» was absorbed 


TABLE I 
Paper Chromatography of Uracil, DHU, BUP, and B-Alanine 


RF values* 
Solvent system 
Uracil DHU BUP | B-Alanine 
n-Butanol-acetic acid-water, 4:1:5........... | 0.45 0.45 0.55 0.25 
Collidine saturated with water................. _ 0.69 0.55 0.02 0.02 
Isopropanol-ethanol-water,f 85:85:30........... 0.48 0.48 0.12 0.12 
* At 25°. 


t The paper was pretreated with 1 m KCl and M/15 sodium phosphate buffer, pH 
7.4 (12). 


in NaOH. At chosen intervals the collected COz was precipitated as 
BaCOs;, and samples were prepared for radioactivity measurements. 

Paper Chromatography of Urine—50 to 200 ul. aliquots of the urine 
portions were analyzed by descending paper chromatography, followed by 
radioactivity measurements. Whatman No. | filter paper strips of 18 
em. width were used. The composition of the solvent systems and the 
relevant R»- values are summarized in Table I. 

A complete separation of uracil, DHU, BUP, and £-alanine is_ not 
achieved in any one of the solvent systems used. However, by the use of 
all three systems, the amounts of these labeled compounds in the urine could 
be obtained. From each urine collection two to six samples were analyzed 
in each solvent system. Fig. 2 demonstrates typical patterns obtained by 
analysis of urine from a rat given uracil-6-C"™. 

Determination of Radioactivity—Aliquots of the injected solutions to 
which carrier had been added were submitted to wet oxidation (13), and 
BaCO; samples were prepared after precipitation of the CO.. The samples, 
as well as those prepared from the expired CO2, were counted under a thin 
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window Geiger-Miiller counter. At least 5 X 1024 counts were recorded 
in each case. The data were corrected for self-absorption to give the 
number of counts per minute of infinitely thick samples. The radioactivity 
of the respiratory CO. was expressed in per cent of the dose. 

The total C™“ content of the urines was measured by counting small 
aliquots of the urines after evaporation to dryness in a stream of air. The 
radioactivity of the administered compounds was measured under the same 
conditions, after addition of aliquots of the injected solutions to inactive 
urine samples. 

The radioactivity on the paper chromatograms was determined by means 
of an automatic flow counter. After development of the chromatograms, 
the strips were cut in pieces (1.8 em. X 1 cm.) which were mounted on 
copper planchets. For each cm. length of the chromatograms 2 X 600 
counts were recorded, and the number of counts per minute were plotted 
versus distance from the starting line (Fig. 2). The radioactivity of each 
peak is expressed in per cent of the total radioactivity on the strip. 


Results 


Oxidation to CO.—F ig. 1 shows the cumulative excretion of C™ in the 
respiratory CO, after intraperitoneal injection of 4 wmoles of uracil-6-C"%, 


8 


URACIL-6-C"" 
OHU-6-c' 


- —o— -ALANINE-3-c 4 
—e— 


C"IN PER CENT OF DOSE 
N 


1 
HOURS 
Fig. 1. Cumulative excretion of C' in respiratory CO, following intraperitoneal 
injection of 4 umoles of uracil-6-C!!, DHU-6-C'”, and BUP-3-C", respectively. The 
data for the excretion after injection of 13 wmoles of B-alanine-3-C"™ and of 
8-alanine-1-C™ (14) are included for comparison. ach curve represents the data 
from two separate experiments. 
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DHU-6-C, and BUP-3-C", respectively. For comparison, the rate of 


C4 excretion after injection of 6-alanine-3-C™ and 6-alanine-1-C™ (14) is 


three 
found 
1, had 
um of 
nding 
Ine.) 
gm., 
SF 

| 


232 CATABOLISM OF C-LABELED URACIL 


also presented. It is apparent that uracil, DHU, and BUP are all oxidized 
at a very rapid rate, approximately 50 per cent of the administered radio- | 
activity being excreted in the course of the Ist hour. The striking fact,| © 
however, is that carbon atoms 6 of uracil and DHU are oxidized to COz at} 
rates which are, within the limits of experimental error, indistinguishable | 


from those of the corresponding carbon atoms 3 of BUP and #-alanine,) 2 
60 

URACIL+ 
DHU TOTAL C.PM.- A 4 
407 G-ALANINE fi 

dh Ir | 


uJ 
2 
Ss 40 URACIL | 
3B aor P-ALANINE + CRM. 
O BUP 337 4 
2O0r 
VALUES 
Fic, 2. Radioactivity patterns obtained after paper chromatography of urine B 
from a rat given 4 umoles of uracil-6-C™ by intraperitoneal injection. The solvent = — 
systems were as follows: A, n-butanol-acetic acid-water (4:1:5); B, collidine sat- — 
urated with water; C, isopropanol-ethanol-water (85:85:30). The radioactivity 
within each peak is expressed in per cent of the total radioactivity on the strip. For re 
details see the text and Table I. tl 
In contrast, carbon atom 1 of B-alanine is oxidized at a considerably faster | : 
rate, as has previously been pointed out (14). i 
Excretion of Labeled Compounds in Urine—lig. 2 demonstrates that the | 4, 
administration of labeled uracil resulted in the excretion of easily detectable | 
amounts of labeled DHU, BUP, and @-alanine. The results of all urine | 
analyses are summarized in Table II. It can be seen that, after injection | 
of uracil-6-C"', altogether 34 per cent of the urine radioactivity was present 
in DHU, BUP, and @-alanine. Since the total radioactivity of the urine ” 
was 6 per cent of the dose, it follows that, in the course of the 10 hour " 
experimental period, approximately 2 per cent of the administered uracil " 
radioactivity was excreted in the form of the anticipated metabolites DHT, af 
BUP, and @-alanine. During the same period 83 per cent of the admin- tt 
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istered C' appeared in the respiratory CO.. After administration of 
DHU-6-C™, 41 per cent of the urine radioactivity was excreted in the form 
of the unchanged compound and 34 and 8 per cent in BUP and £-alanine, 
respectively, whereas no labeled uracil could be detected. When BUP-3- 
C4 was administered, 58 per cent of the urinary C" was found in BUP and 
25 per cent in @-alanine. No labeled uracil could be detected in these 
later experiments, but a small amount of radioactivity (approximately 4 
per cent) appeared to be present in the form of DHU. These data are in 
agreement with previous findings zn vitro (7), indicating that the conversion 
of DHU to BUP is reversible, in contrast to the conversion of uracil to 
DHU. 


TaBLeE II 
Excretion of Labeled Compounds 


The C'4 excretion in respiratory CO: and in urine after intraperitoneal injection 
of 4 umoles of uracil-6-C'4, DHU-6-C"™, and BUP-3-C" to adult rats. Each figure 
represents the data from two independent experiments. 


Per it eee Per cent of urinary C" present in 
Compound administered COs alter 
Urine Uracil DHU BUP B8-Alanine 
1 hr. 10 hrs. 
Uracil-6-C™.......... 50 83 6 39 | 9 6 19 
DHU-6-C™........... 46 79 8 0 41 oe 
PSO". .......... 46 85 7 0 4 moron 


In the present experiments approximately 90 per cent of the administered 
radioactivity was excreted in the respiratory CO: and in the urine during 
the experimental period. The bulk of the urinary C" was present in the 
above identified constituents. Part of the remaining 13 to 27 per cent was 
found at the starting line of the paper chromatograms. In addition, an 
unknown constituent having an R, value of 0.34 in the collidine system was 
consistently observed (see Fig. 2, B). 


DISCUSSION 


The present finding that administration of labeled uracil to rats results 
in the excretion of labeled DHU, BUP, and #-alanine in the urine provides 
unequivocal evidence that the reductive pathway of uracil catabolism is 
Operative in vivo. Moreover, the rapid and extensive excretion of the label 
of uracil, DHU, BUP, and @-alanine in the respiratory CO: indicates that 
this pathway is a very efficient one. 
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No evidence was obtained in the present experiments that alternative | 


pathways, not involving G-alanine, were utilized to any significant extent 
in the degradation of uracil. The fact that corresponding carbon atoms 
in the above four compounds were oxidized to CO, at the same rate indicates 
that, in the catabolism of uracil, DHU, and BUP, oxidation of B-alanine 
is the rate-limiting step. Moreover, in all instances the predominant part 
of the urine radioactivity was present in the form of the anticipated inter- 
mediates. Clearly, these data provide evidence that the above scheme 
represents the principal pathway of uracil catabolism in intact rats. This 


view is also supported by the demonstration by Rutman e¢ al. (15), that | 
when rats are given uracil-2-C', at dose levels comparable to the endog- | 


enous replacement rate, the ureide carbon is rapidly and almost quantita- 
tively excreted in the respiratory COs, whereas the formation of labeled urea 
is negligible. These findings seem to rule out the possibility that pathways 
involving a direct split of uracil into urea and a carbon derivative (16, 17) 
have any great significance in intact rats. The finding that significant 
amounts of labeled urea are formed when larger doses of uracil-2-C' are 
given (15) is not incompatible with the reductive scheme of uracil degrada- 
tion, but probably reflects the existence of two different mechanisms for the 
removal of the carbamyl group of BUP. 

In a previous study of B-alanine catabolism it was demonstrated (14) 
that carbon atoms 2 and 3 of 8-alanine, in contrast to carbon atom 1, appear 
in fatty acids, cholesterol, and excreted acetyl groups. It would therefore 
be expected that during the complete degradation of uracil, DHU, and 
BUP, labeled as in the present study, a large number of constituents would 
eventually be labeled. The urine radioactivity not accounted for in the 
present experiments probably resided in such labeled products of B-alanine 
degradation. If uracil, DHU, and BUP, labeled in positions corresponding 
to carbon atom 1 of 6-alanine, had been used, the label presumably would 
have been distributed to a lesser extent, and a correspondingly larger 
fraction of the administered dose would have been recovered in the respira- 
tory 

In a preceding study of uracil catabolism in rat liver slices (7) it was 
observed, in agreement with the findings of Canellakis (5), that the initial 
reduction of uracil is slow, compared with the subsequent conversion of 
DHU to BUP and that of BUP to @-alanine. Nevertheless, the rates found 
for these conversions in vitro (7) are all sufficiently high to account for the 
rate of oxidation observed in the present experiments in vivo. Similarly, 
Rutman et al. (15) observed that the activity of rat liver slices approached 
that of the whole animal with regard to the release of the ureide carbon of 
uracil. On the other hand, in view of the slow rate of 8-alanine oxidation 
observed in liver slices (6), it appears that only a minor fraction of the 
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g-alanine catabolized by the rats in the present experiments could have 
been degraded in the liver. This is consistent with the finding that several 
tissues are capable of oxidizing 6-alanine in vitro (18-20). Thus the evi- 
dence indicates that the liver is the main site of the first phase of uracil 
catabolism, whereas the major part of the @-alanine oxidation occurs in 
extrahepatic tissues. 


SUMMARY 


The metabolism of uracil-6-C™ has been studied in intact rats. It is 
demonstrated that these compounds are rapidly and extensively catab- 
olized, the C™ appearing in the respiratory CO» at almost identical rates. 
The administration of labeled uracil to rats results in the excretion of 
labeled dihydrouracil, 8-ureidopropionic acid, and 8-alanine in the urine. 
The data provide evidence that the conversion of uracil to dihydrouracil, 
8-ureidopropionic acid, and @-alanine is the principal pathway of uracil 
degradation in intact rats. 


The technical assistance of Mrs. Anne M. Haug is gratefully acknow]- 
edged. 
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CARBON DETERMINATION WITH ALKALINE PERSULFATE 
IN THE WARBURG MANOMETER 


By EDWIN H. BATTLEY* 
(From the Hopkins Marine Station of Stanford University, Pacific Grove, California) 


(Received for publication, October 15, 1956) 


Carbon analysis of unknown substances remaining in a Warburg vessel 
at the conclusion of an experiment is often of value if a carbon balance is 
desired. Exceedingly small amounts of carbon must sometimes be deter- 
mined and, except for isotopic methods, there is no ordinary procedure 
sensitive enough for the purpose. Gravimetric methods of analysis are 
impractical. Colorimetric determinations such as that of Johnson (1) are 
not to be recommended because the amount of carbon in an unknown sam- 
ple cannot be determined directly. Volumetric methods which involve a 
microdiffusion technique approach the required sensitivity, but accurate 
analyses are difficult without careful attention to special details. These 
considerations leave the Warburg manometric technique as the most con- 
venient and practical method for the measurement of the carbon dioxide 
formed during the carbon analysis of small amounts of carbon-containing 
mixtures. Because it had been successfully used by Osburn and Werkman 
(2), K2S203 was used as the oxidizing agent. 


Methods 
Analytical Procedure 


500 mg. of powdered K.S.0Og are weighed out on an aluminum scoop and 
placed in a Warburg vessel equipped with a side arm having a vented 
stopper. Exactly 1 ml. of the sample solution or cell suspension is pipetted 
into the vessel and 0.40 ml. of a 42.5 per cent phosphoric acid solution into 
one side arm. ‘The vented stopper is put in place and to it is attached a 
rubber tube connected to a small CO: trap through which air can be gently 
passed. If the vessel has another side arm, this should be stoppered. No 
stopcock grease is used. After CO>-free air has been passed through the 
vessel for 2 to 3 minutes, 1 ml. of a 20 per cent CO>.-free solution of KOH 
is pipetted into the vessel. A ground glass stopper is then quickly placed 
into the main opening of the vessel and the COz trap removed from the air 


* Predoctoral Fellow of the National Science Foundation, 1952-54. Present ad- 
dress, Department of Microbiology, Washington University School of Medicine, 
St. Louis, Missouri. The material in this paper was taken from a thesis submitted 
by the author in partial fulfilment of the requirement for the degree of Doctor of 
Philosophy at Stanford University, January, 1956. 
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supply. When this has been done, the contents of the vessel are swirled to 
accomplish mixing. ‘The vessel, together with the CO, trap, 1s next placed 
ina hot air oven adjusted to 80-85°. After about 14 hour, when no bubbles 
appear upon swirling the liquid in the vessel, the oxidation is complete. 
The vessel is then allowed to cool to room temperature. After lightly 
greasing the male joint on a monometer, the vessel is quickly attached so 
as not to expose the vessel contents to atmospheric COs. The COs trap 
should next be disconnected, and the side arm stoppers individually re- 
moved, quickly greased, and reinserted. The manometer assembly is then 


placed in a constant temperature bath, allowed to equilibrate, and adjusted | 


so that the left limb of the manometer is close to zero. A reading is taken, 
after which the acid is tipped into the main compartment of the vessel. 
After another equilibration a second reading is taken. 

It is important that a blank determination be run at the same time and 
under the same conditions. This is not so much to determine the carbon 
dioxide contained in the reagents as to correct for the vapor pressure 
changes occurring in the vessel after the addition of the acid. The vapor 
pressure is independent of the volume of the vessel and thus has a constant 
of 1.00. ‘The correction for this must therefore be applied in terms of mm. 
of pressure change rather than in terms of microliters of COs. 

The calculation for the amount of CO: formed during the oxidation is as 
follows: blank vessels; the final reading of the blank — the initial reading 
of the blank equals mm. of vapor pressure change. Experimental vessels; 
((the final reading — initial reading) — vapor pressure change) x _ the 
vessel constant for equals microliters of 

The above method of correcting for the vapor pressure change does not 
take into account the possibility that the reagents employed may contain 
dissolved CO». This can be tested by adding alkali to the blank vessel 
after the blank determination by the procedure described by Schatz (3), 
and requires a simultaneous determination in another vessel of the vapor 
pressure change occurring upon the addition of the alkali. Actually, if the 
reagents are prepared in the manner described below, the correction due to 
extraneous COQOz is negligible. 


Preparation of Reagents 


Powdered reagent grade K2S2Og3 is satisfactory for the determination. 
‘This substance should be stored in a glass-stoppered bottle and protected 
from dust. It is impossible to obtain even good chemicals in such a state 
of purity that a few carbon-containing particles do not occasionally con- 
taminate the preparation. For this reason a determination or a blank will 
sometimes have an unaccountably high value. 

Reagent grade, 85 per cent syrupy phosphoric acid, diluted with an equal 
volume of distilled water, is used to acidify the alkaline mixture. It is 
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important not to use sulfuric acid for the acidification because volatile 
oxides of sulfur will be formed immediately when the acid is tipped into 
the main compartment of the Warburg vessel. If this happens, the deter- 
minations and the blanks will be unpredictably high. 

The suspension or solution to be analyzed should have a pH below 4.0. 

The correct preparation of the 20 per cent KOH solution is of the utmost 
importance if good results are to be obtained. This is accomplished by 
dissolving 100 gm. of solid KOH in 100 ml. of distilled water and placing 
the solution in a rubber-stoppered glass bottle. 20 ml. of the concentrated 
solution are added to 80 ml. of distilled water and placed in a tall thin 
glass cylinder in the top of which a rubber stopper can be placed. 3 per 
cent of powdered BaCl, is added to precipitate any carbonate that is pres- 
ent. The BaCQ; is allowed to settle overnight. The clear fluid is used as 
the reagent. The cylinder is always kept stoppered except when the rea- 
gent is removed, and this is done with the utmost care to prevent advent 
of COz. The tip of the alkali-filled pipette is carefully wiped and the cor- 
rect quantity of reagent is transferred to the Warburg vessel. One pipette 
can be used to add alkali to six vessels in this fashion if the tip is freed from 
reagent each time after which it should be replaced. A CQOz2 trap can be 
interposed between the mouth of the operator and the pipette, but this 
has not been found to be necessary. 


Results 
Determinations of the carbon in two compounds obtainable in high 
purity resulted in the data presented in Table I. Also given is the anal- 


TABLE I 
Results of Carbon Determinations of Known Substances 


Weight Weight 
£C 


Substance of sample o Weight of C recovered*; Recovery 
oxidized oxidized 
mg. an. meg. per cent 
BO eee 0.600 0.240 0.242 + 0.002 100.8 
Sodium acetatef.................. 0.820 0.240 0.241 + 0.002 100.4 
0.226 0.136 | 0.137 100.7 


* The figures for glucose and sodium acetate carbon represent the average values 
for a set of twelve identical manometric experiments plus or minus the extreme 
range of variation from the mean. The figure for the yeast carbon determination 
represents the result of an experiment in duplicate. 

t National Bureau of Standards, standard glucose. 

t Reagent grade, recrystallized twice. 

§ Saccharomyces cerevisiae Hansen (Hopkins Marine Station strain 8:1:1), grown 
aerobically on glucose. Aliquots of a cell suspension, the carbon content of which 
was determined by a conventional gravimetric combustion analysis, were used for 
this determination. 
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ysis of a suspension of yeast cells, the carbon content of which was pre- 
viously determined on a larger sample.by conventional combustion anal- 
ysis. 


DISCUSSION 


The results indicate that this method is sufficiently accurate for most 
determinations required in biological experimentation. It does not, of 
course, serve as a substitute for the many highly accurate methods of 
macro- and microcombustion analysis available at the present time. These 
latter methods, however, are often not available except at considerable 
cost, and in this case the manometric method described may provide a 
considerable advantage. The manometric method has been found to be 
exceptionally useful in checking the extent to which carbon remains in the 
form of unidentified compounds in the supernatant liquid of a culture at 
the termination of growth. It has also been used to check the amount of 
carbon present in the various fractions extracted during a fermentation 
analysis. 

In usual practice, two determinations are made at one time, in triplicate. 
This is done in case one of the blank or experimental vessels, for the rea- 
son previously given, shows an unaccountably high value. The upper 
limit of the determination, depending upon the Warburg vessel constant, 
is of the order of magnitude of 250 y of carbon. 


SUMMARY 


A convenient manometric carbon determination which can be used for 
the analysis of less than 250 y of carbon is described. 


| 
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DEPHOSPHORYLATION OF NUCLEOTIDES 
BY INSECT FLIGHT MUSCLE 


By BERTRAM SACKTOR ann DONALD G. COCHRAN 
(From the Directorate of Medical Research, Army Chemical Center, Maryland) 


(Received for publication, September 12, 1956) 


Recent studies have demonstrated that nucleotide triphosphates, other 
than ATP,! function in biological systems in a manner analogous to that 
of ATP. These purine and pyrimidine ribotides are now known to serve 
as coenzymes in the biosynthesis and interconversion of hexose phosphates 
(1-3), in the formation of phospholipides (4), and as phosphate donors or 
acceptors in carboxylation reactions (5, 6). Additional functions, yet to 
be uncovered, are probable in view of recent discoveries of the widespread 
occurrence of these nucleotides (7, 8). In rabbit skeletal muscle UTP and 
GTP have been found, each in concentrations as high as 2 to 3 per cent of 
the total nucleotide fraction. CTP is also present, although in smaller 
quantities. Moreover, in other experiments with rabbit muscle prepara- 
tions, both UTP and CTP were able to replace ATP, mole for mole, in 
eliciting a contractile response, but GTP caused only reduced rates of ten- 
sion development (9). ‘These observations suggest that in the living system 
each of the nucleotides may have one or more specific roles and at the same 
time they emphasize the need for further study to ascertain the precise 
physiological significance of each in the over-all metabolism of muscle. 

The importance of nucleotides in the intermediate metabolism of mam- 
malian tissues is paralleled in insects. ATP from insects has been isolated 
and found to be identical with that of other organisms (10, 11). Further 
examination of the phosphorylated intermediates in flight muscle of house- 
flies indicates that approximately 12 per cent of the nucleotide fraction has 
bases other than adenine.? Also, it has been established that insect muscle 
mitochondria (sarcosomes) can synthesize energy-rich phosphate bonds 
such as are found in ATP (12-14) and that this compound serves to provide 
the ultimate energy necessary for the contractile processes as well as for 


' The following abbreviations are used: ATP, ADP, and AMP for adenosine tri-, 
di-, and monophosphates; CTP and CDP for cytidine tri- and diphosphates; GTP, 
GDP, and GMP for guanosine tri-, di-, and monophosphates; ITP, IDP, and IMP 
for inosine tri-, di-, and monophosphates; UTP, UDP, and UMP for uridine tri-, di-, 
and monophosphates; P for inorganic phosphate; Tris for tris(hydroxymethyl)- 
aminomethane; and DNP for 2,4-dinitrophenol. Unless otherwise indicated, the 
nucleotide phosphates are in the 5’ position. 

*Sacktor, B., in preparation. 
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other metabolic reactions which take place in the muscle (15-18). It has 
recently been observed, however, that, during oxidative phosphorylation, 
uridine and inosine ribotides in addition to ADP are phosphorylated and 
that sarcosomes possess nucleotide transphosphorylating and dephosphor- 
vlating enzymes (19). The present study continues these latter observa- 
tions and describes some of the characteristics of the nucleotide dephos- 
phorylating enzymes in the mitochondrial fraction of insect flight muscle, 


together with the distribution and nature of such enzymes in other fractions. | 


EXPERIMENTAL 


Fractionation Procedures—Houseflies, Musca domestica, of mixed sexes 


from 4 to 7 days old were used. These were reared and maintained by the | 


procedure described previously (20). Flight muscle mitochondria were 
isolated by the technique already detailed (12, 15). The sarcoplasm and 
particulate fractions were obtained as explained earlier (21). The particu- 
late fraction consists of muscle fibrils and sarcosomes. 


Materials—ATP, AMP, UTP, UMP, and CTP were purchased from the | 
Pabst Laboratories and ADP, A-3’-MP, ITP, IDP, IMP, GTP, and © 


hexokinase (practical type III) from the Sigma Chemical Company. 
U-(2’ ,3’)-MP and G-(2’,3’)-MP were obtained from the Schwarz Labora- 
tories, Inc., and U-(2’,3’),5’-DP was prepared and kindly furnished by 
Dr. H. G. Khorana (22). 

Methods—Nucleotide dephosphorylation activity was assayed essentially 
as described in earlier experiments for ATPase activity (12). Reaction 
mixtures were incubated at room temperature (22-25°). The reaction was 
stopped by the addition of 0.2 ml. of cold 50 per cent trichloroacetic acid. 
Experimental mixtures were accompanied by non-incubated controls, iden- 
tical in composition, to which the acid was added immediately before 
addition of the enzyme. P values determined at this zero time were sub- 
tracted from all subsequent values. P was measured by the method of 
Fiske and Subbarow (23). Protein, in mitochondrial suspensions and other 
fractions, was determined by the method of Lowry et al. (24). 


Results 


Substrate Specificity and Rates of Hydrolysis—The specificity of the de- 
phosphorylating mechanism in flight muscle mitochondria is demonstrated 
in Table I and in Fig. 1. It is apparent that, in addition to their previously 
known ATPase activity (15, 25), sarcosomes will hydrolyze ITP, GTP, 
UTP, and CTP. P is also liberated from ADP and IDP, but their mono- 
phosphates, AMP and IMP, are not dephosphorylated. As shown in 
Fig. 1, GTP is like ATP and ITP in that only the two labile phosphates 
are removed. In marked contrast to these purine ribotides are the pyrim- 
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dine ribotides, UTP and CTP, from which all three phosphates are released. 
Table I also reveals that insect mitochondria catalyze the dephosphoryla- 
tion of 5’-nucleotides only, for the sarcosomes were inactive with U-(2’ ,3’)- 
MP, G-(2’,3’)-MP, and A-3’-MP. Under our experimental conditions, 
however, the amount of P liberated from U-(2’ ,3’) ,5’-DP was of question- 


TABLE I 


Substrate Specificity and Relative Rate of Nucleotide Dephosphorylation 
by Insect Flight Muscle Mitochondria 
The reaction mixture contained the following components: Tris buffer, pH 7.4, 
30 umoles; MgCl., 1 umole; nucleotide, 2.5 umoles; 0.05 ml. of mitochondrial suspen- 
sion (approximately 0.7 mg. of protein); and 1.5 per cent KCl to make the final vol- 
ume 1.0 ml. Incubation time, 1 hour. Each datum is based on two to three repli- 
cates with different enzyme preparations. 


Nucleotide | P hydrolyzed in 1st hour 
ATP | 100* 
ADP | 25 
AMP 0 
A-3’-MP | 0 
ITP 56 
IDP 
IMP 0) 
GTP 65 
G-(2',3')-MP 0) 
UTP 22 
UMP 6 
U-(2’,3’),5’-DP 
U-(2’,39)-MP 


CTP 6 


* The value of 100 for ATP corresponds to a rate of 1.90 wmoles of P hydrolyzed 
per hour per mg. of protein. 


able significance. It is also known from earlier studies that hexose phos- 
phates, glycerophosphates, and inorganic pyrophosphate are not suitable 
substrates for the mitochondrial dephosphorylating enzymes (15). 

Table I also shows the relative rate of nucleotide dephosphorylation. 
The sarcosomes are most active towards ATP, but appreciable rates are 
also obtained with GTP and ITP, both of which are dephosphorylated at 
about the same rate. On the other hand, the velocity of hydrolysis with 
UTP and in particular with CTP is considerably less. P is liberated from 
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ADP at a rate 25 per cent of that from ATP. ADP, however, is about 3 
times as active as IDP. Apparently, the presence of P on the (2’,3’) posi- 
tion in U-(2’,3’) ,5’-DP markedly reduces the hydrolysis of P from the 5’ 
position. 

Direct Dephosphorylation of Nucleoside Triphosphates—Additional experi- 
ments indicate that the P liberated from the five nucleoside triphosphates 
is due to direct dephosphorylation of these nucleotides rather than to the 
action of nucleoside diphosphokinase followed by ATPase. Nucleoside 


100 


Nm 
oO 


PERCENT TOTAL P HYDROLYSED 


HOURS 


Fic. 1. Time-course of nucleotide hydrolysis by insect flight muscle mitochondria. 
The reaction mixture contained the following components: Tris buffer, pH 7.4, 140 
umoles; MgCle, 4 umoles; nucleotide, 10 umoles; and 2.0 ml. of mitochondrial suspen- 
sion. Total volume, 4.0 ml. The protein content per ml. of mitochondrial suspen- 
sion was 20.5 mg. for ATP, ITP, and UTP, 14.0 mg. for GTP, and 26.6 mg. for CTP. 
0.2 ml. aliquots of the reaction mixture were withdrawn for each point. Horizontal 
broken lines represent, from top to bottom, total P, acid-labile P, and first P for each 
nucleotide. 


diphosphokinase described from yeast and vertebrate muscle (26, 27) 
mediates the reactions as follows: 


(1) ITP + ADP 
(2) UTP + ADP 


IDP + ATP 
UDP + ATP 


Since catalytic quantities of ADP may have been present either as a con- 
stituent of the isolated mitochondria? or as an impurity in commercial 
nucleotide samples, it is possible that ATP would be synthesized if diphos- 
phokinase occurred in insect mitochondria. Whether this enzyme is pres- 
ent here or not, the insignificance of its reaction in the nucleotide dephos- 
phorylation activities observed in these experiments was demonstrated in 
the following manner. The glucose-hexokinase system was combined with 
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either the ITP or the UTP dephosphorylation system. Thus, if ATP 
were formed by nucleoside diphosphokinase activity, then no P would be 
liberated. Conversely, if the dephosphorylation of ITP and UTP were 
unaffected by the addition of this trapping system, then ATP would not 
be formed, nor would it be a prerequisite for the hydrolysis of the other 
nucleotides. It was found that as much P is liberated from ITP and UTP 
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Fig. 2. Effect of alternative substrates on the relationship of activity to ATP 
concentration. The data are presented as Lineweaver and Burk plots and indicate 
the dephosphorylation obtained with a series of concentrations of ATP by itself and 
in combination with ADP, IDP, or ITP. The reaction mixture contained 30 umoles 
of Tris buffer (pH 7.4), 1 umole of MgCls, 0.05 ml. of mitochondrial suspension con- 
taining approximately 0.6 mg. of protein, ATP as indicated, 1.33 umoles of ADP 
(V), 2.2 umoles of IDP (O), 2.0 umoles of ITP (@), and 1.5 per cent KCl to a total 
volume of 1.0 ml. Incubation time, 8 minutes. 


in the presence of glucose-hexokinase as in its absence. These results 
establish the fact that mitochondrial enzymes dephosphorylate the nucleo- 
side triphosphates directly. 

Number of Enzymes Involved—Since it is now known that insect mito- 
chondrial preparations can catalyze the dephosphorylation of five nucleoside 
triphosphates, information was sought as to the number of enzymes in- 
volved. Evidence bearing on this problem was obtained by experiments 
with mixed substrates. 

Fig. 2 shows the relationship between ATP concentration and ATPase 
activity. As determined by the method of least squares, K,, the Mi- 
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chaelis-Menten constant, is 3.17 K 10-* mM. Fig. 2 also shows that the ad- 
dition of ADP (1.3 wmoles) diminishes the rate of evolution of P from ATP. 
Analysis of the data according to procedure of Lineweaver and Burk (28) 
reveals that ADP satisfies the requirements for a competitive inhibitor of 
ATPase and that A; = 4.43 X 10-4. In contrast to the action of ADP, 
IDP (2.2 umoles) is without significant effect on the dephosphorylation of 
ATP. However, an interpretation of our results with combinations of 
ATP plus ITP is not as obvious as for mixtures of ATP with either ADP 
or IDP. The addition of ITP (2.0 umoles) to several different concentra- 
tions of ATP resulted in an increase in the rate of P formation over what 
was obtained with that concentration of ATP alone, but the dephosphoryla- 


TaBLeE II 
Inhibition of ITP Dephosphorylation by IDP 
The reaction mixture was the same as in Fig. 2, except that 0.15 ml. of mitochon- 
drial suspension containing about 1.7 mg. of protein was used. As indicated, IDP, 
to a final concentration of 2.2 mm, was added. Each datum is based on three repli- 
cates with different enzyme preparations. 


Activity, umole P hydrolyzed 
ITP concentration 


ITP alone ITP + IDP 
mM 
0.8 0.19 0 
1.2 0.32 0.12 
2.0 | 0.42 0.23 
2.8 0.53 0.30 
4.0 0.71 0.42 


tion velocity of the combination was less than the additive rate obtained 
from the action of the mitochondria on the two substrates separately. 
The magnitude of this increase in P, owing to the addition of ITP to ATP, 
was approximately constant throughout a wide range of ATP concentra- 
tions, even though at low ATP concentrations ATPase was far from satu- 
rated with its substrate and the ITP concentration used was below its 
K, for ITP dephosphorylation. 

The relationship between ITP concentration and ITP dephosphorylation 
is shown in Table II. A Lineweaver-Burk analysis of the data gave a KA; 
value of 2.85 X 10-*m. In analogy to the situation with ATP, in which 
the dephosphorylation product competitively inhibits dephosphorylation, 
with ITP as substrate the product IDP is a competitive inhibitor. The 
dissociation constant, K,, of this inhibitor-enzyme complex is 1.59 & 107%. 
The dephosphorylation mechanisms of ATP and ITP differ, however, for 
IDP has little effect on ATPase, whereas ADP is an extremely effective 
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inhibitor of ITP hydrolysis. As shown in Table III, the inhibition of 
ITPase by ADP is proportional to the ADP concentration. At concentra- 
tions of 5.3 K 10-°M and less, ADP satisfies the requirements for a com- 
petitive inhibitor, and K; is approximately 1.65 At higher con- 
centrations, ADP appears to act as a non-competitive inhibitor. The 


TABLE III 
Inhibition of ITP Dephosphorylation by ADP 
The components of the system were as indicated in Table II. 


Activity, umole P hydrolyzed 


| 


ITP 


concemtzation | No ADP | 0.013 ma ADP | 0.027 mw ADP | 0.053 mu ADP | 0.133 mu ADP 
2.0 | 0.53 0.32 (0.26 0.19 0.16 
2.8 0.59 0.50 0.40 0.28 0.23 
4.0 | 0.70 0.62 0.47 0.31 0.27 
7.0 | 0.89 0.77 0.61 0.54 0.37 
10.0 | 0.94 0.85 0.74 0.57 0.42 
TaBLeE IV 


Inhibition of GTP Dephosphorylation by ADP and IDP 
The reaction mixture contained 30 uwmoles of Tris buffer (pH 7.4), 1.0 umole of 
MgCl., 5umoles of GTP, ADP, or IDP as indicated, 0.2 ml. of mitochondrial suspen- 
sion (2.8 mg. of protein), and 1.5 per cent KCI to bring the final volume to 1.0 ml. 
8 minute incubation period. Corrections were made for dephosphorylation of ADP 
and IDP in the experiments with combined nucleotides. 


Nucleotide Activity, umole P hydrolyzed 


dephosphorylation of relatively large amounts of ITP can be completely 
inhibited by 1.3 10-?m ADP. 

Table IV shows that ADP and IDP also inhibit the dephosphorylation 
of GTP. With this substrate also, ADP is again a more effective inhibitor 
thanisIDP. It is also apparent that the inhibition of GTPase is a function 
of ADP concentration but that the effect of ADP on GTPase is different 
from its action on ITPase. Low ADP concentrations (1.3 & 10-° M) in- 
hibit both GTP and ITP hydrolysis to the same extent. On the other 
hand, though high ADP concentrations (1.3 & 10-3 mM) completely block P 
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release from ITP, substantial P is still liberated from GTP under these 
conditions. GTPase is like ITPase in that both are inhibited by IDP. 
However, GTPase is different from ATPase since ATPase is not inhibited 
by IDP. 

The use of mixed nucleotides further substantiated our finding that the 
mechanism of pyrimidine ribotide dephosphorylation is distinct from that 
of purine ribotide breakdown. We observed that neither ADP (1.3 x 
10-* m) nor IDP (2.2 X 10-* o) inhibited the dephosphorylation of UTP 
(7.5 10-* 

Stimulation of Nucleotide Dephosphorylation by Dinitrophenol—The cata- 
lytic effect of DNP on mammalian mitochondrial ATPase is well known 


TABLE V 

Effect of DNP on Nucleotide Dephosphorylation by Insect Flight Muscle Mitochondria 

The test systems contained 30 uwmoles of Tris buffer (pH 7.4), 1 wmole of MgCl, 
DNP as indicated, and 1.5 per cent KCI to bring the total volume to 1.0 ml. The 
following amounts of nucleotide were used: ATP, 2.5 umoles; ITP, 2.0 umoles; GTP, 
5.0 umoles; UTP, 7.5umoles. The approximate protein content of the mitochondrial 
suspension of each of these experiments was, respectively, 0.6, 1.7, 2.8, and 2.8 mg. 
Reaction time with ATP, ITP, and GTP, 8 minutes, and with UTP, 30 minutes. 


Relative rate of P hydrolyzed 

DNP 

ATP | ITP GTP UTP 
M X 1074 | 

1.00 1.00 1.00 1.00 
1.25 1.23 1.32 1.38 1.36 
6.25 1.83 1.81 1.84 1.86 
12.50 2.34 2.10 2.16 2.12 


(29, 30). In Table V it is shown that the ATPase from insect flight muscle 
sarcosomes is also stimulated by this uncoupling agent, and that it en- 
hances the mitochondrial dephosphorylation of ITP, GTP, and UTP, as 
well asof ATP. Itisalso clear from Table V that m * 10-? DNP caused 
an increase of about 100 per cent in rate of P release and that the dephos- 
phorylation of each of the nucleoside triphosphates was stimulated to the 
same extent by a given concentration of DNP. These observations indi- 
cate that one of the characteristic properties of mitochondria, latent 
ATPase activity (31), can now be extended to include the other nucleoside 
triphosphates. 

Metal Ion Activation—Previous experiments with insect flight muscle - 
demonstrated that mitochondrial ATPase is activated by Mg and Mn, 
whereas Ca is slightly inhibitory (15). The effect of these metal ions on 
the dephosphorylation of other nucleoside triphosphates has been exam- 
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ined and the results are shown in Table VI. In general, the hydrolyses of 
the four nucleotides, ATP, ITP, GTP, and UTP, are similar in that Mg 
and Mn stimulate and Ca does not. Mn appears to be a more potent 
activator of nucleotide breakdown than is Mg. Some distinctions in the 
response of each of the dephosphorylating enzymes to these ions may be 
noted, for Ca (1 & 107? mM) markedly inhibits P liberation from ITP and 
GTP, whereas it reduces ATPase activity only slightly. 


TABLE VI 


Distribution of Nucleotide Dephosphorylation Activity in Insect Flight Muscle and 
Effect of Bivalent Cations 


The reaction mixtures contained 30 uwmoles of Tris buffer, pH 7.4. In determina- 
tions with mitochondria and myofibrils plus mitochondria, 1.0 wmole of metal ion 
and 0.1 ml. of enzyme were used, and with sarcoplasm 10 umoles of metal ion and 0.3 
ml. of enzyme were used. The nucleotide content was 1.5 wmoles, except for ATP, 
with which 2.5 wmoles were used. The final volume was made to 1.0 ml. with 1.5 
per cent KCl. The values are given in micromoles of inorganic phosphate hydro- 
lyzed per 10 minutes per mg. of protein. 


| Bivalent cation 


Muscle fraction Nucleotide 


None Mg 
Mitochondria ATP | 0.28 0.69 1.15 0.25 
| ITP 0.08 0.49 0.65 0.02 
| GTP 0.10 0.36 0.63 0.04 
UTP 0.04 0.11 0.10 0.03 
Myofibrils + mito- | ATP 0.29 0.89 1.31 0.48 
chondria | ITP 0.10 0.69 1.00 0.17 
GTP 0.08 0.46 0.52 0.13 
UTP 0.07 0.20 0.42 0.23 
Sarcoplasm ATP 0.11 0.20 0.22 0.07 
ITP 0.12 0.30 0.11 0.04 
GTP 0.11 0.13 0.02 0.02 
UTP | 0.12 0.14 0.05 0.06 


Nucleotide Dephosphorylating Enzymes in Other Fractions of Flight Muscle 
—In an earlier study it was found that the housefly flight muscle possesses 
three distinct mechanisms for ATP hydrolysis and that these are associ- 
ated, respectively, with the myofibrillar, mitochondrial, and sarcoplasmic 
components of the muscle (15). Similar cellular fractions were procured 
for the present experiments and were examined for the distribution and 
metal activation of enzymes that dephosphorylate other nucleotides. The 
results shown in Table VI demonstrate that P is liberated from ITP, GTP, 
and UTP, as well as from ATP, by enzymes present in the fibrils and sarco- 
plasm as well as in mitochondria. The fibrillar fraction contains enzymes 


se 
P, 
x6 
e 
at 
Pp 

a 
e 


250 DEPHOSPHORYLATION OF NUCLEOTIDES 


which are stimulated by Mg, Mn, and Ca. This fraction, however, in- 
cludes both mitochondria and muscle fibrils. Thus, the activation by 
Mg and Mn could be attributed to the nucleotide dephosphorylases in 
these mitochondria, whereas it becomes evident that insect muscle fibrils 
must possess Ca-activated enzymes that hydrolyze ITP, GTP, and UTP 
in addition to ATP. 

Examination of Table VI also reveals that, although the sarcoplasm 
contains enzymes that dephosphorylate all the nucleotides, specific differ- 
ences in the metal ion activation of these enzymes are obvious. In this 
muscle fraction, the hydrolysis of ATP is stimulated by Mg and Mn but 
inhibited by Ca. Ca also inhibits the dephosphorylation of the other 
nucleotides. However, in contrast to the activation of ATP hydrolysis 
by both Mg and Mn, the liberation of P from ITP is stimulated only by 
Mg. Furthermore, the dephosphorylation of GTP and UTP is actually 
inhibited by Mn and with these two nucleotides Mg gives only a slight 
activation. These results provide additional evidence for the presence in 
insect flight muscle of a multitude of enzymes capable of hydrolyzing nu- 
cleotides and, at the same time, direct attention to the complexity as well 
as to the individuality of their enzymatic properties. 


DISCUSSION 


The data given demonstrate that mitochondria isolated from the flight 
muscle of houseflies hydrolyze the nucleoside triphosphates, ATP, ITP, 
GTP, UTP, and CTP. Our results show also that, irrespective of the 
substrate, the enzymes concerned have several properties in common. 
First, appreciable increases in their activity can be elicited by DNP, and 
this suggests that these enzymes exist in sarcosomes in a partially latent 
state. Also, both Mn and Mg activate dephosphorylation, the former 
being the more effective. In all cases Ca is inhibitory, although the mag- 
nitude of this inhibition is dependent on the particular nucleotide hydro- 
lyzed. Furthermore, all the nucleotides that are dephosphorylated by 
these enzymes have phosphate groups on the 5’ hydroxy]. 

Despite such similarities, other evidence demonstrates the individual 
character of these enzymes. Purine ribotides are dephosphorylated in a 
manner distinctly different from that of pyrimidine ribotides. With ATP, 
ITP, and GTP, only the two labile phosphates are released. In contrast, 
all three phosphates of UTP and CTP are hydrolyzed. Moreover, the 
liberation of P from purine ribotriphosphates is inhibited by one or both 
of their corresponding diphosphates, ADP and IDP. These diphosphates 
have no effect on the hydrolysis of UTP. 

Our results with mixtures of adenosine and inosine nucleotides are in 
reasonable agreement with similar experiments in which a specific ATPase 
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found in liver mitochondria (32) or a water-soluble ATPase found in verte- 
brate and locust muscle (33, 34) was used. With fly muscle mitochondria, 
as well as with these other preparations, ADP inhibits ATPase; both ADP 
and IDP inhibit ITPase, ADP being the more effective; and the rate of P 
release from a combination of ATP and ITP is less than the rate computed 
from the action of the preparation on the two substrates separately. Irom 
such evidence, Goldberg and Gilmour (33) concluded that a single enzyme 
is responsible for the hydrolysis of ATP and ITP. Our data do not support 
this concept for the following reasons. First, IDP has little or no effect 
on ATPase, yet it inhibits ITPase and GTPase. Furthermore, although 
the rate of P liberation from a combination of ATP and ITP is less than 
the additive rate of each substrate separately, such results do not neces- 
sarily argue against the presence of two separate enzymes, an ATPase and 
an ITPase. Examination of our data on this point (lig. 2) reveals that 
the addition of ITP to several different concentrations of ATP results in an 
increase in the rate of P formation over what is obtained with that con- 
centration of ATP alone. The magnitude of this increase is approxi- 
mately constant throughout a wide range of ATP concentrations, even 
though at low ATP concentrations both ATPase and ITPase are far from 
saturated with their respective substrates. With these experimental con- 
ditions, if a single enzyme is responsible for the dephosphorylation of both 
nucleotides, one would expect considerably more ITP breakdown when it 
is in combination with a low ATP concentration than with a high ATP 
level. This does not occur. Our results as well as those of Goldberg and 
Gilmour (33) can be explained more readily not by an interaction between 
substrates ATP and ITP for a single enzyme but rather by an inhibition 
of ITPase by ADP, the product of ATPase. 

Other data also support the viewpoint that there is in mitochondria a 
specific ATPase as well as an ITPase. ADP inhibits hydrolysis of both 
ATP and ITP, and one can show that the diphosphate acts as a competitive 
inhibitor. However, if a single enzyme dephosphorylates both substrates, 
then AK, values for the inhibitor-enzyme complexes should be identical, 
since values of K, for ITP and ATP are approximately equal. Again, this 
does not agree with our findings, for the dissociation constant of the ADP- 
ATPase complex is about 30 times greater than for the ADP-ITPase com- 
plex. In light of this new evidence it seems best to conclude that there is 
a specific enzyme (or enzymes) for the dephosphorylation of each of the 
purine nucleoside triphosphates. (It is not yet shown that the enzyme 
for CTP is different from that for UTP, which is different from the three 
purine enzymes.) 

Since sarcosomes catalyze the dephosphorylation of five nucleoside tri- 
phosphates, the question arises as to the number of enzymes responsible 
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for the hydrolysis of each of these nucleotides. This is of considerable 
interest since it was clearly demonstrated previously that the liberation 
of both labile phosphates from ATP by these mitochondria occurs through 
the combined action of two enzymes, a specific ATPase and an adenylate 
kinase (15). Unfortunately, our present data do not permit a similarly 
definitive answer with respect to the other nucleoside triphosphates. How- 
ever, recent observations by others are useful in pointing out the pathways 
which may play a role in our preparations. 

It has been shown above that nucleoside diphosphokinase is not a factor 
in the dephosphorylation activities observed in these experiments. This 
indicates that there is a direct hydrolysis of each nucleoside triphosphate 
to its corresponding diphosphate. We also know that ADP is metabolized 
further by the adenylate kinase reaction (35), 


(3) 2ADP = ATP + AMP 


Recently, other enzymes have been found, in yeast and liver, which, al- 
though not identical with adenylate kinase, are analogous to it (36, 37). 
These catalyze the transformation of other nucleoside diphosphates as 
follows: 

(4) 2UDP 


(5) 2GDP 


UTP + UMP 
GTP + GMP 


In addition to these schemes, Plaut (38) found an enzyme (or enzymes) 
from liver mitochondria which converts the diphosphates IDP, UDP, and 
GDP, to their corresponding monophosphates by direct hydrolysis of the 
terminal phosphate. However, neither ADP nor CDP acts as a substrate 
for this enzyme. It is apparent that either this nucleoside diphosphatase 
or the adenylate kinase type of enzymes in conjunction with the specific 
nucleoside triphosphatases found here may account for the dephosphoryla- 
tion of the two labile phosphates from all triphosphates, except CTP. The 
complete hydrolysis of the pyrimidine nucleotides to their respective nu- 
cleosides cannot be attributed to these mechanisms and this suggests that 
insect mitochondria possess a previously undescribed enzyme (or enzymes) 
which hydrolyzes pyrimidine ribomonophosphates. 

Gilmour claimed that the Mg-activated ATP dephosphorylation activity 
in fly mitochondria is an apyrase, presumably because two labile phosphates 
are released from ATP and ITP and because IDP is not a substrate for 
adenylate kinase (25). It is obvious that these criteria are not sufficient 
reasons for such a classification, since (a) IDP could be dephosphorylated 
by an IDPase; (b) five nucleotide triphosphates are hydrolyzed and three 
phosphates are liberated from the pyrimidine ribotriphosphates; and (c) 
the conversion of ADP to ATP by adenylate kinase is a prerequisite for 
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the production of P from ADP (15). All the evidence cited above is con- 
sistent with the conclusion that these mitochondria have a specific nucleo- 
side triphosphatase for each of the nucleoside triphosphates. 

Our findings that myofibrils possess Ca-activated enzymes that dephos- 
phorylate nucleoside triphosphates other than ATP supplement the reports 
of Ranney (9), Kielley et al. (39), and Blum (40), who showed that these 
nucleotides can elicit a contractile response from a model muscle system 
or are dephosphorylated by myosin preparations. These observations, 
plus the fact that these nucleotides also occur in muscle (7), suggest that 
more than one nucleotide may react with the contractile elements in vivo 
and that a reexamination of the physiological role of nucleotides in muscle 
contraction is warranted. 


SUMMARY 


Insect flight muscle mitochondria dephosphorylate the triphosphates 
of adenosine, guanosine, inosine, uridine, and cytidine. The rates of hy- 
drolysis for these nucleotides are in the order listed above. Mitochondria 
liberate the two labile phosphates from the purine nucleoside triphosphates. 
In contrast, all three phosphates are released from the pyrimidine analogues. 
Magnesium and manganese activate dephosphorylation, manganese being 
the more potent of the two. Calcium is inhibitory. Dinitrophenol stimu- 
lates the hydrolysis of all triphosphonucleotides to the same extent. 

Adenosine and inosine diphosphates are competitive inhibitors of their 
respective triphosphatases. Adenosine diphosphate is also an extremely 
effective inhibitor of inosinetriphosphatase and guanosinetriphosphatase. 
Inosine diphosphate has no effect on adenosinetriphosphatase, but it in- 
hibits guanosinetriphosphatase. Neither purine ribodiphosphate inhibits 
uridinetriphosphatase. The significance of these observations is discussed 
and it seems best to conclude that there is in mitochondria a specific nu- 
cleoside triphosphatase for each of the nucleoside triphosphates. 

In addition to the mitochondria, other portions of the flight muscle, 
myofibrils and sarcoplasm, can hydrolyze the triphosphates of adenosine, 
inosine, guanosine, and uridine. The enzymes in the sarcoplasm are acti- 
vated by magnesium and inhibited by calcium. The effect of manganese 
depends on the nucleotide being dephosphorylated. The dephosphoryla- 
tion of these four nucleoside triphosphates by the myofibrils is activated 
by calcium. 
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Several of the phenolic acids in human urine (2) contain a 3-methoxy-4- 
hydroxypheny! nucleus, and one of them has the chromatographic behavior 
of homovanillic acid.1. The present paper is concerned with the metabolic 
path by which HVA arises. HVA is present in all normal human urines, 
and appears to be an endogenous metabolite, since the amounts excreted 
are not changed significantly by ingestion of a well defined laboratory diet. 
The excretion of HVA is increased markedly, however, after the adminis- 
tration of homoprotocatechuic acid or L-dopa. These findings, considered 
in relation to known paths for the metabolism of dopa, provide evidence 
that HVA may be an end product from endogenously formed L-dopa. 


EXPERIMENTAL 


Materials and Methods—v- and u-dopa were obtained from the Califor- 
nia Foundation for Biochemical Research. HVA, HPA, m-HPAA, and 
3-methoxy-DL-tyrosine were synthesized; details of the procedures will be 
reported elsewhere. 

Varying amounts of the test compounds were administered orally to 
normal adult men, and urine was collected for the following 8 hours. Vol- 
umes of 300 to 600 ml. were used for recovery of HVA and HPA excreted 
as free acids. A 300 ml. portion was acidified to pH 1.5 (Hydrion paper) 
with HCl, saturated with NaCl, and extracted four times with 100 ml. of 
ethyl acetate. The combined ethyl acetate extracts were shaken thor- 
oughly with successive small volumes of 1 N NaHCO; (15 to 20 ml. total) 
until the pH of the emergent aqueous phase was 7.5 to 8.0. The pooled 
bicarbonate extracts were acidified to pH 1.5, saturated with NaCl, and 
extracted with four successive 5 ml. portions of ethyl acetate. The com- 


* This work was supported by grants from the National Institutes of Health, 
United States Public Health Service. A preliminary report was presented at the 
meeting of the American Society of Biological Chemists, Atlantic City, April, 1956 
(1). 

1 The abbreviations used are as follows: HVA (homovanillic acid, 3-methoxy-4- 
hydroxyphenylacetic acid); HPA (homoprotocatechuic acid, 3,4-dihydroxypheny]- 
acetic acid); dopamine (3,4-dihydroxyphenylethylamine); m-HPAA (m-hydroxy- 
phenylacetic acid). 
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bined ethyl] acetate extracts were diluted with ethyl acetate so that 1 ml. 
corresponded to 10 to 15 mg. of creatinine in the original urine; the extracts 
were dried over anhydrous Na2SQO, and stored at —10°. To recover HVA 
and HPA excreted in conjugated form, the urine phase from which the 
free acids had been extracted was acidified to pH 0.5, autoclaved at 15 
pounds pressure for 1 hour, cooled, acidified to pH 1.5, and extracted by 
the three-stage procedure described for the free acids. In this case, the 
final ethyl acetate solution was diluted so that 1 ml. corresponded to 5 to 
10 mg. of urinary creatinine. 

The amounts of HVA and HPA in the urinary extracts were determined 
by ascending chromatography on Whatman No. 1 paper with benzene- 
propionic acid-water (2:2:1, organic phase). Aliquots of a standard ethy] 
acetate solution containing 1 to 10 y each of HVA and HPA in 1 y¥ incre- 
ments were chromatographed with a similar set of aliquots of urinary ex- 
tract. The intensities and areas of the colored spots were compared after 
spraying with diazotized sulfanilic acid (3) (HVA, rose-colored; HPA, light 
brown with white border). The accuracy is +10 per cent. When the 
amount of HPA in a urinary extract was small, the paper sheet was dried 
and chromatographed a second time in fresh solvent before spraying, to 
improve the separation from other interfering phenolic acids. When the 
amount of HVA was small, two-dimensional paper chromatography with 
isopropyl alcohol-aqueous NH;-water (8:1:1) followed by benzene-pro- 
pionic acid-water was used for optimal estimation. It should be noted 
that HPA is destroyed partially in the two-dimensional system, because of 
atmospheric oxidation in isopropy] alcohol-aqueous NH;-water. 

Preliminary studies indicated that abstinence from tea, coffee, fruits, 
vegetables, and spices was necessary during the experimental period to 
minimize the dietary intake of interfering substances. No significant dif- 
ference in the excretion pattern of HVA and HPA was observed among 
different normal adult males, or when the test compounds were adminis- 
tered in several portions at intervals, instead of in a single portion. The 
excretion of HVA and HPA was essentially complete 8 hours after ingestion 
of the test compounds: the recovery from urine collected in a second 8 hour 
period was less than 1 per cent of the compound ingested. Likewise, only 
trace amounts of HVA and HPA could be extracted from experimental 
urines after a second autoclaving at pH 0.5. Experiments in which known 
amounts of the metabolites were added to normal urine indicated that 100 
per cent of HVA and 90 per cent of HPA were recovered by the extraction 
procedure. When HVA and HPA were autoclaved at pH 0.5 with normal 
urine, from which free phenolic acids had been extracted, no appreciable 
destruction of the added compounds occurred. 

p-Dopa and 3-methoxytyrosine in urine were estimated by paper chro- 
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matography of eluates prepared by a modification of the method of Dal- 
gliesh (4). Samples of urine were diluted with water to a creatinine level 
of 0.50 mg. per ml., as determined by the Jaffé procedure; a 200 ml. aliquot 
was acidified to pH 3.0 with glacial acetic acid and centrifuged. The super-. 
natant fluid was stirred with 6.0 gm. of deactivated charcoal (4) for 10 
minutes and filtered. The charcoal cake was fragmented and washed with 
four 50 ml. portions of water; it was then eluted with seven 30 ml. volumes 
of 7.5 per cent (w/w) aqueous phenol and two 30 ml. volumes of water. 
The pheno] and water eluates were combined and concentrated to dryness 
under nitrogen in vacuo. The residue was distilled with three 25 ml. por- 
tions of water to remove phenol and finally dried in vacuo over P2O; and 
KOH. For chromatography, the residue was dissolved in water; the solu- 
tion was stored in the frozen state to prevent oxidation of dopa. Aliquots 
of a standard solution containing 1 to 4 y each of dopa and 3-methoxy- 
tyrosine in 0.5 y increments and aliquots of urinary eluates which contained 
comparable amounts were chromatographed in n-butanol-acetic acid-water 
(4:1:5, organic phase) (5). The intensities and areas of the purple spots 
were compared after spraying with ninhydrin (0.2 per cent in 95 per cent 
ethanol; color was allowed to develop at room temperature). Ammoniacal 
silver nitrate (3) was a less satisfactory reagent because of interference by 
other urinary compounds and the weak response of 3-methoxytyrosine. 
When 20 to 50 mg. each of p-dopa and 3-methoxytyrosine were added to 
diluted normal urine, the recoveries of each compound by this procedure 
varied from 70 to 90 per cent. 

Excretion of Homovanillic Acid by Normal Humans—The urines from 
several hundred normal adults have been examined with two-dimensional 
paper chromatography (2). Normal adults excrete 3 to 8 mg. of HVA per 
day, and the amount excreted by a given individual is not changed appre- 
ciably by administration of a well defined laboratory diet (6). 

Metabolism of Homovanillic Acid—Varying amounts of HVA were in- 
gested, and urines were processed in the manner described above. As 
shown in Table I, HVA is excreted unchanged, mainly as the free acid; a 
small amount is released from conjugated form by autoclaving the acidified 
urine. The recoveries were uniformly high for all dosages tested. 

Metabolism of Homoprotocatechuic Acid—The results of feeding experi- 
ments with HPA are also presented in Table I. HPA is excreted partly in 
unchanged form, but almost half of the amount ingested is methylated to 
give HVA; the proportion methylated is fairly constant at the different 
levels of ingestion. Both HPA and HVA are excreted partly as the free 
acids and partly as conjugates. The total per cent recovery of the two 
acids is much the same as that in the HVA feeding experiments. 

Metabolism of 1-Dopa—The excretion pattern obtained with L-dopa var- 
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ied with the amount fed (Table I). When 500 mg. were ingested, the total 
per cent recovery of HVA and HPA was similar to that obtained upon 
feeding the same amount of HPA or HVA, and the proportions of HVA and 
HPA in the urine were the same as those in the HPA feeding experiments. 
When smaller amounts of L-dopa were ingested, however, the per cent re- 


TABLE I 
Metabolism of HPA, HVA, and L-Dopa in Man* 


HPA in urine HVA in urine 

Compound ingested Total 
Free Recovery Free Recovery 
me. me. mg. per cent mg. mg. per cent per cent 

0 0 0 1.2 0.6 
HVA 50 0 0 0 41 6 94 94 
100 0 0 0 66 12 78 7 

250 0 0 0 164 27 76 76 

500 0 0 0 377 43 84 84 

HPA 50 11 12 46 21 5 48 94 

100 20 20 40 38 13 47 87 

250 49 40 36 100 22 45 $1 

500 123 55 36 209 28 44 80 

L-Dopa 50 <5f 0 <12 11 1 26 <38 

100 13 2 18 31 4 38 56 

250 36 18 25 76 26 44 69 

500 103 38 33 153 53 45 78 


* Data obtained with one normal adult male. The values given for normal urine 
are one-third of those obtained for a 24 hour collection period and were used to cor- 
rect values for experimental urines which were collected during 8 hours. Experi- 
mental values are also corrected for 10 per cent loss of HPA during extraction. 

t Low concentration of HPA and interference by other phenolic acids of similar 
Rr precluded a more precise value. 7 


covery of HVA decreased and that of HPA declined to an even greater ex- 
tent. 

Metabolism of p-Dopa and 3-Methory-pi-tyrosine—The results of experi- 
ments with p-dopa and 3-methoxytyrosine are presented in Table II. Only 
a small fraction of each amino acid ingested is excreted as HPA and HVA 
or as HVA, respectively, a larger amount is eliminated unchanged, and the 
major portion of each could not be accounted for as phenolic acid metabo- 
lites. 

Excretion of m-Hydroxyphenylacetic Acid in Urine—Two healthy normal 
males were maintained on a well defined laboratory diet (6) for 3 days. 
One was given 500 mg. of L-dopa and the other 500 mg. of HPA orally; the 
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urines were collected, extracted, and chromatographed two dimensionally in 
the manner described earlier. No increase in the trace amount of m-HPAA 
present in extracts of control urine was observed after ingestion of L-dopa 
or HPA. The addition to a control extract of an amount of m-HPAA cor- 
responding to as little as 0.2 per cent formation from L-dopa or HPA was 
readily detectable. 

Isolation of Homovanillic Acid from Urine—Two adult males each in- 
gested two 500 mg. portions of L-dopa (total, 2 gm.) at 1 hour intervals. 
Urine (2 liters) was collected and extracted in the manner described earlier. 
The final ethyl acetate extracts were concentrated to dryness in vacuo, 
and the residue was taken up in 20 ml. of ethyl acetate and stored over- 


TABLE II 
Metabolism of D-Dopa and 3-Methoxry-DL-tyrosine in Man* 


| Amino acid in | 


msl te HPA in urine HVA in urine 
| | | | 

me mg per cent meg | meg | per cenit —s_ mg. | me. percent, per ceni 

p-Dopa 12 0 0 | O 4 16 

3-Methoxy- 500 65 | 13 0 oO 0 15 | O 4 17 

tyrosine | | | 


* Data obtained with one normal adult male. The experimental values are cor- 
rected for normal output of HVA, 10 per cent loss of HPA during extraction, and 20 
per cent loss of amino acid in charcoal absorption and elution. 


night at 5°; 0.5 gm. of crude hippuric acid was removed by filtration. The 
filtrate was diluted to 100 ml. with ethyl acetate and subjected to a modi- 
fied countercurrent distribution procedure in which six 100 ml. volumes of 
1.0 m citrate buffer at pH 4.8 were passed through 8 equal volumes of ethy] 
acetate. The distribution of compounds was followed by applying an ali- 
quot from each tube to paper, chromatographing with isopropyl alcohol- 
aqueous N H;-water, and spraying with diazotized sulfanilic acid (3). HVA 
was in ethyl acetate Fractions 1 to 5, with only small amounts of other 
phenolic acids. These fractions were concentrated to dryness in vacuo, 
and the residue was dissolved in 10 ml. of ethyl acetate. The solution was 
washed twice with small volumes of water to remove citric acid, dried over 
anhydrous Na2SQ,, concentrated in vacuo to 4 ml., and stored overnight at 
5°. The resulting tan crystals were collected (210 mg.) and recrystallized 
from 4 ml. of water (charcoal) to yield 132 mg. of colorless thin plates, 
m.p. 141—143°, not depressed upon admixture with authentic HVA. An 
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additional 88 mg. of HVA, m.p. 141-143°, were recovered from the ethy] 
acetate and aqueous mother liquors. 


CoHi0O, (182.18). Calculated, C 59.34, H 5.53; found, C 58.88, H 5.58? 


Metabolism of Homoprotocatechuic Acid and L-Dopa in Rat: Excretion of 
Homovanillic Acid and m-Hydroxyphenylacetic Acid in Normal Rat Urine— 
Six male albino rats (Sprague-Dawley) were maintained on a lactalbumin 
diet (7) in order to eliminate urinary phenolic acids arising from exogenous 
sources. On the 6th day, urines were collected for 24 hours in flasks, to 
each of which had been added a crystal of thymol and 0.1 gm. of sodium 
bisulfite as preservatives. The urines were combined, filtered, and stored 


TABLE III 
Metabolism of Homoprotocatechuic Acid and L-Dopa in Rats* 
| HPA in urine HVA in urine 
Compound injected | 
| Free Conju- Recovery Free Conju- Recovery 
| gated gated 
még. | mg. mg. per cent mg. mg. per cent per cent 
0 0 0 0.24 | 0 
HPA 15.3 66 2.7 61 3.8 1.7 33 94 
L-Dopa 15.3. 0.9 | 1.2 16 2.2 1.3 25 41 


* The values given represent a 24 hour excretion by six male albino rats (Sprague- 
Dawley) with a total weight of 1274 gm. The values for experimental urines are 
corrected for normal output of HVA and for 10 per cent loss of HPA during extrac- 
tion. 


at —10°. On the 7th day, the individual weights of the animals ranged 
from 175 to 255 gm., and their weights totaled 1274 gm. At this time, 15.3 
mg. of HPA dissolved in 5.10 ml. of water were injected intraperitoneally; 
the three smaller animals were each given 0.70 ml. of solution, and the three 
larger animals 1.00 ml. each. Urines were collected for 24 hours in the 
same manner as the control urine. On the 8th day, 15.3 mg. of L-dopa 
were administered, and urines were collected as before. The samples were 
extracted and chromatographed in the manner described for human urine. 

The six rats normally excreted 0.24 mg. of free HVA in a 24 hour period, 
t.e. about 40 y per 200 gm. rat. HVA in conjugated form was not esti- 
mated accurately and, if present, amounted to less than one-half of these 
quantities. According to weight, the albino rat excretes about 3 times as 
much free HVA as the adult human. 

The results of the injection experiments with HPA and L-dopa are pre- 


2 Analyses were made by the Weiler and Strauss Microanalytical Laboratory, 
Oxford, England. 
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sented in Table III. The excretion patterns are qualitatively similar to 
those observed in man. HVA is the main urinary metabolite of HPA, 
whereas both HPA and HVA are excreted after the administration of 
t-dopa. According to weight, HVA is formed from HPA and L-dopa to a 
lesser extent in the rat than the human; the proportions of free and con- 
jugated HPA and HVA are similar in the two species. 

No trace of m-hydroxyphenylacetic acid was found in normal rat urine 
under conditions whereby a total daily output of 20 y by the six rats would 
have been readily detected chromatographically. Variable traces of a sub- 
stance with similar color reactions and Rr on two-dimensional chromato- 
grams to m-HPAA were detected in the urine after injection of HPA and 
L-dopa; the amounts, however, corresponded to less than 0.5 per cent of 
the administered HPA or L-dopa. 


DISCUSSION 


The natural occurrence of L-dopa was first shown by Guggenheim (8), 
who isolated it from the navy bean, Vicia faba. Dopa was found subse- 
quently in tissues of other plants and in the horny covering of insects, but 
much of the evidence for its presence in higher animals has been indirect 
(9). The only definitive reports have been those of Medes (10), who re- 
covered dopa from urine of a patient with tyrosinosis after he was fed tyro- 
sine, and Goodall (11), who detected dopa chromatographically in adrenals 
of thyroidectomized sheep. Recent experiments (12-16), however, have 
provided further indication that dopa is formed naturally in animals, and 
serves as a precursor of norepinephrine, epinephrine, and melanin pigments. 

When small amounts of L-dopa are administered to humans or to albino 
rats, a substantial portion is excreted as homoprotocatechuic and homo- 
vanillic acids. In the case of humans, HVA was isolated from the urine 
and identified by comparison with the authentic compound. HVA is also 
excreted in normal human and rat urines in amounts which were not de- 
creased appreciably when the diet was rigorously controlled in order to ex- 
clude exogenous sources of 3-methoxy-4-hydroxyphenyl compounds. HVA 
thus appears to be a normal metabolite rather than of dietary origin, and 
probably arises from endogenously formed L-dopa. The formation of HVA 
involves methylation of a phenolic hydroxyl group; this reaction joins the 
well known methylations of amino and sulfhydryl groups in animals. 
Further study will be required to ascertain the mechanism and significance 
of phenolic O-methylation. 

The amounts of HVA in normal urine are small, and the question might 
be raised as to whether it is a metabolic intermediate or an end product. 
The data in Table I suggest that HVA is a terminal metabolite. No new 
phenolic acid was detected in urine after ingestion of HVA, and no appre- 
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ciable change was noted in amounts of other phenolic acids normally pres- 
ent. It is possible that part of the administered HVA (5 to 25 per cent) 
is metabolized to compounds not detectable by the methods used; e.g., by 
formation of non-extractable conjugates not decomposed by mild acid 
hydrolysis, by further methylation to homoveratric acid, or by oxidative 
cleavage of the aromatic ring. 

The second question concerns the point on the metabolic path between 
L-dopa and HVA at which methylation of the 3-hydroxyl group occurs. 
HPA and HVA, which were the only metabolites detected after adminis- 
tration of L-dopa, could arise by separate paths from L-dopa, or HPA could 
be the immediate precursor of HVA. In the first case, the amino acid 
would undergo direct methylation to yield 3-methoxytyrosine, which might 
then be converted to HVA. The results of an experiment with 3-methoxy- 
tyrosine (Table II) indicated that it is a poor source of HVA, and methyla- 
tion at the amino acid level thus seems unlikely. Evidence that homo- 
protocatechuic acid is a metabolic intermediate between L-dopa and HVA, 
on the other hand, is provided by the data in Table I. The HPA-HVA 
excretion pattern obtained with 500 mg. of L-dopa is similar to that ob- 
tained with 500 mg. of HPA. In the experiments with HPA, all of the 
HPA ingested by man or injected into the rat can be accounted for as 
urinary HPA and HVA, when allowance is made for incomplete recoveries 
obtained after ingestion of HVA itself. Furthermore, HVA was the only 
metabolite detected in urine after administration of HPA both in man and 
in rats. Methylation of the 3-hydroxyl group in HPA appears to be es- 
sentially irreversible im vivo, inasmuch as HPA was not detected in urine 
after ingestion of HVA. 

Booth et al. (17, 18) have recently reported the formation, not only of 
HVA, but also of m-hydroxyphenylacetic acid from HPA, and that of 
HVA, HPA, and m-HPAA from dopa in rabbits, and have suggested that 
the 4-hydroxyl group is removed metabolically from the 3 ,4-dihydroxy- 
phenyl nucleus. Evidence collected in the present work indicates that 
dehydroxylation of 3,4-dihydroxyphenyl to form m-hydroxyphenyl com- 
pounds does not occur to a significant extent in either man or the albino 
rat. Indeed, it appears probable that m-HPAA arises almost entirely from 
some exogenous precursor, since the amount excreted falls to a negligible 
level on a well defined laboratory diet. 

L-Dopa is converted mainly to HPA and HVA in man when 500 mg. are 
ingested, but with smaller doses the recovery of HVA decreases and that 
of HPA declines even more markedly (Table I). The transformation of 
L-dopa to HPA and HVA proceeds to a lesser extent in the rat than in 
man, according to weight (Table III). It may be inferred from these data, 
and from the 3 to 8 mg. daily output of HVA observed in normal human 
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urine, that perhaps 10 to 25 mg. of L-dopa are formed daily in the normal 
human adult and that a substantial part of this amount is metabolized to 
products other than HPA and HVA. HPA was not encountered in normal 
urine; however, its occurrence in amounts so small that it would not be 
detected by the present methods has been reported recently (19). 

The metabolism of p-dopa in man differs from that of the L isomer, and 
conversion to HPA and HVA occurs to a much lesser extent (Table II). 
The low level of these metabolites does not result primarily from incomplete 
intestinal absorption, since a substantial portion of amino acid itself ap- 
pears in the urine. Analogous differences in metabolism of D and L isomers 
have been reported for phenylalanine (20, 21) and tryptophan (22-24). 

The final subject to be considered is the route by which homoprotocate- 
chuic acid is formed from dopa. One possible route is via the intermediate 
formation of 3,4-dihydroxyphenylethylamine (dopamine). Holtz e¢ al. 
have shown that L-dopa is converted to dopamine in vitro by the action of 
L-dopa decarboxylase, which is present in various animal tissues (25-28). 
This transformation was also studied zn vivo in man and animals (29, 30); 
in man, 35 to 40 per cent of the administered L-dopa was estimated to have 
been excreted in the urine as dopamine. It should be noted, however, that 
dopamine was assayed by a non-specific pharmacological method which 
would also measure other urinary pressor substances. The claim by Holtz 
et al. (30) that dopamine is a constituent of normal human urine has been 
confirmed by von Euler e¢ al. (31). Dopamine has also been found in the 
adrenal glands of normal sheep (11, 32) and in extracts of sheep heart 
(11). Blaschko et al. (33) observed that dopamine is an excellent substrate 
for amine oxidase, and Holtz et al. (26, 27) subsequently isolated the prod- 
uct, 3,4-dihydroxyphenylacetaldehyde, from in vitro systems. The alde- 
hyde does not appear to have been encountered as a metabolite in vivo, 
probably because of rapid biological oxidation to HPA. von Euler et al. 
(19) have recently detected small amounts of HPA in normal urine, and 
have shown that HPA can be formed from L-dopa in vitro. It is possible 
that the substance observed in human and rabbit urines by Guggenheim 
(8) after oral administration of L-dopa, and designated by him as proto- 
catechuic acid according to qualitative reactions, was actually HPA.  Pro- 
tocatechuic acid or its metabolites, vanillic acid and vanilloylglycine,* were 
not encountered in the present experiments. 

An alternate route from L-dopa to HPA could involve an initial trans- 
amination leading to 3,4-dihydroxyphenylpyruvie acid, followed by oxi- 
dative decarboxylation of the pyruvic acid to HPA. It has been shown 
that L-dopa can participate in transamination reactions (34), and oxidative 
decarboxylation of a-keto acids corresponding to natural amino acids is 


> Armstrong. M. D., unpublished observations. 
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well known. A modification of this route in the case of p-dopa could in- 
volve conversion to the corresponding pyruvic acid by action of D-amino 
acid oxidase. Holtz and Credner (35) observed that, after administration 
of pL-dopa to rats, a pressor substance which was pharmacologically similar 
to dopamine was excreted in the urine in amounts greater than those which 
would be expected from the L isomer alone; he concluded that the D isomer 
was transformed via the pyruvic acid to the L isomer, which was then de- 
carboxylated to dopamine. The following scheme summarizes the prob- 
able paths by which dopa is metabolized in higher animals. 


— Melanins 
HO XH 
HO —CH.CHCOOH =— HO —CH,COCOOH 
Dopa 3,4- acid 
HO 
Ho—< — HO—¢  S—CH,COOH 
Dopamine HPA 
Norepinephrine CH;0 
HO —CH,COOH 
HVA 


Evidence has been provided recently that both paths to HPA may be 
operative in the rat. Pellerin and D’Iorio (36) have reported that, after 
intraperitoneal injection of 2 mg. of pLt-dopa-2-C" into a rat weighing 150 
gm., up to 15 per cent of the radioactivity is accounted for in the urine as 
unchanged dopa, 12 per cent as 3,4-dihydroxyphenylpyruvic acid, 21 per 
cent as dopamine, 6 per cent as HPA, and 23 per cent as two unidentified 
metabolites. The 6 per cent recovery of HPA from pui-dopa compares 
favorably with 16 per cent recovery of HPA from a similar amount of 
L-dopa administered to rats (Table III). It may be presumed that the 
dopa determined in rat urine was of the p configuration, since a substan- 
tial amount of p-dopa was recovered from human urine (Table II), whereas 
no significant quantity of L-dopa was observed after ingestion of the re- 
spective isomers. It is possible that part of the L- and p-dopa, which was 
not accounted for in human urine in the present study, may have been ex- 
creted as 3,4-dihydroxyphenylpyruvic acid and as dopamine. The pyru- 
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vic acid, which should be very unstable chemically, would have been de- 
stroyed during processing, and the amine would not have been extracted. — 

HVA was not listed among the compounds tested as possible metabolites © 
of C'4-dopa in the rat by Pellerin and D’Iorio, but it was suggested none- 
theless that phenolic O-methylation does not occur (36). It is probable 
that one of their incompletely characterized radioactive metabolites (Com- 
pound 7), which it was considered might be 5,6-dihydroxyindole (36), was 
actually HVA, since it has been shownwn the present study that HVA 7s 
a metabolite of dopa in the rat and that the per cent recovery of HVA 
from rat urine (Table III) is comparable to that of their unknown substance. 
The Ry values for HVA, furthermore, are essentially the same as those 
reported for the unknown substance in the solvent systems used by Pel- 
lerin and D’Iorio. Other properties ascribed to the unknown substance 
(36), namely fluorescence under ultraviolet light and formation of a red- 
brown color with p-dimethylaminobenzaldehyde, may be related to the 
presence of other urinary compounds with a similar Ry, which would not 
necessarily be metabolites of dopa, particularly since only one-dimensional 
chromatography was employed by Pellerin and D’lorio. The need for 
two-dimensional chromatography in examining the complex mixture of 
substances present in urine has already been stressed (2). 


SUMMARY 


1. Homovanillic acid has been identified as a normal constituent of hu- 
man and rat urines. The amount excreted by adult humans ranges from 
3 to 8 mg. daily. Homovanillic acid is probably a natural metabolite of 
endogenous L-dopa. 

2. The metabolism of dopa has been studied in man and the albino rat, 
and homoprotocatechuic and homovanillic acids have been identified as 
urinary metabolites. Much smaller amounts of these compounds are pro- 
duced from p- than from L-dopa. Evidence is presented which suggests 
that homoprotocatechuic acid is the intermediate which is methylated to 
yield homovanillic acid. 

3. The probable paths by which dopa is normally metabolized are dis- 
cussed. 
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A NEW BOVINE TESTICULAR MUCOPOLYSACCHARASE* 


By J. C. HOUCKT ann R. H. PEARCE 
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Bovine testicular hyaluronidase depolymerizes both hyaluronate and 
chondroitinsulfate A. The two activities are attributed to a single enzyme 
since their ratio remains unchanged despite extensive purification (1, 2). 
However, some crude bovine testicular preparations hydrolyzed chon- 
droitinsulfate A at a rate which, relative to hyaluronate, was much greater 
than that of ‘purified’? hyaluronidase. An examination of this phenome- 
non indicated that bovine testes contained a hitherto unrecognized enzyme 
highly active upon chondroitinsulfate A. 


Materials 


Hyaluronate was isolated from human umbilical cords! (3) and chon- 
droitinsulfate A from bovine tracheal cartilage! (4). The analyses of these 
preparations are given in Table 1. Crude hyaluronidase was obtained 
from bovine testes! by extraction with 0.10 N acetic acid, fractional pre- 
cipitation with ammonium sulfate, dialysis, filtration, and lyophilization 
(9). This material assayed 100 turbidity-reducing units per mg. (10). A 
commercial product and a highly purified hyaluronidase preparation,? 
which assayed 250 and 7200 turbidity-reducing units per mg., respectively, 
were employed in some experiments. Neither @-glucuronidase (11) nor 
amylase (12) was demonstrable in the crude or the commercial hyaluroni- 
dase at 100 times the concentration employed routinely for the enzymic 
reaction. 


* This investigation was supported by a grant-in-aid from the Division of Medical 
Research, National Research Council of Canada. A preliminary report was given 
at the 126th meeting of the American Chemical Society, New York, September, 1954. 

t Present address, Surgical Research Metabolic Laboratory, Georgetown Uni- 
versity Hospital, Washington 7, D. C. 

1The umbilical cords were collected by the delivery room staff of the Victoria 
Hospital, London, Ontario; bovine tracheae and testicles were obtained through the 
courtesy of Mr. Graeme Bieman of the Coleman Packing Company, Ltd., London, 
Ontario. This assistance is gratefully acknowledged. 

2 These preparations were kindly donated by Dr. Joseph Seifter of the Wyeth In- 
stitute of Applied Biochemistry, Philadelphia, Pennsylvania, and Dr. Martin B. 
Mathews of the University of Chicago, respectively. 
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TABLE 
Analyses of Substrate Preparations 


Concentration in Concentration i 
Component | chondroitinsulfate A hyaluronate 
| pmoles per mg. | umoles per mg. 
Uronic acid (6)........... | 1.36 1.80 


Approximate Composition,* gm. per 100 gm. 


| 
Water (by difference)....................... 16 17 


The figures in parentheses are bibliographic references. 

* Calculated from the analyses. The polysaccharide content is the formula 
weight of the monomer times the mean analytical value for uronic acid, hexosamine, 
and, in the case of chondroitinsulfate, sulfate; the protein is 6.25 times the non- 
hexosamine nitrogen; salt is 39 times the mean analytical value times the number 
of acid groups. 
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Fic. 1. The kinetics of hyaluronidase action. 10 ml. portions of buffer contain- 
ing 20 mg. of either hyaluronate (X) or chondroitinsulfate (O) and 10 turbidity- 
reducing units of crude enzyme were incubated in duplicate. 1 ml. samples were 
analyzed for reducing sugar initially and at intervals during the following 50 minutes. 

Fic. 2. The reaction velocity at various substrate concentrations. Separate so- 
lutions of hyaluronate (X) and chondroitinsulfate (O) in various concentrations 
were incubated for 10 minutes with 1 turbidity-reducing unit of the crude enzyme. 
The release of reducing groups was determined. 


Methods 


Unless stated otherwise, the enzymic reactions were conducted in the 
following manner. The enzyme and the substrates were dissolved sepa- 
rately in 0.10 M acetate buffer, pH 5.0, containing 0.15 m NaCl. In each 
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experiment, a solution of the enzyme, inactivated by heating at 70° for 
30 minutes, was substituted for the active enzyme to serve as a control. 
After warming to 37°, the solutions were mixed to give a total volume of 
1 ml. and then incubated for 10 minutes. 

For study of the hydrolytic action of the enzyme, 9 ml. of water, warmed 
to 70°, were added, and the mixture was maintained at 70° for 30 minutes 
to complete the inactivation of the enzyme. Duplicate | ml. portions 
were removed and analyzed for reducing substances (13), the results being 
expressed as micrograms of glucose equivalents released per ml. of the 
reaction mixture. 

In order to measure the depolymerizing action of the enzyme, 5 ml. of 
acidified albumin reagent (14) were added to 1 ml. of the reaction mixture 
and, after 30 minutes, the optical density at 400 mu was observed. The 
final substrate concentration was determined from a standard curve pre- 
pared with the polysaccharide solution used in the experiment, the results 
being expressed as micrograms of the substrate apparently destroyed per ml. 


EXPERIMENTAL 


Kinetics—The rate of hydrolysis of chondroitinsulfate by crude hyal- 
uronidase was constant for 10 minutes, then increased transiently (Fig. 1). 
After a similar initial period, the rate with hyaluronate decreased in the 
expected manner. Thus the products of the enzymic hydrolysis of chon- 
droitinsulfate either (a) activated hyaluronidase, (b) had a greater affinity 
for the enzyme than the undegraded substrate, or (c) were attacked by an 
enzyme other than hyaluronidase. 

Substrate Concentration—Although chondroitinsulfate in dilute solution 
was hydrolyzed by the crude testicular preparation less rapidly than hyal- 
uronate, hydrolysis proceeded 8 times as rapidly as with hyaluronate when 
the substrate concentration was high (lig. 2). The crossing of the two 
curves suggested either (a) that the enzyme reacted with chondroitinsulfate 
by a different mechanism from that with hyaluronate or (6) that two or more 
enzymes with different affinities for chondroitinsulfate were acting upon 
this substrate. 

Mixed Substrates—The possibility that more than one enzyme might 
hydrolyze chondroitinsulfate was examined by a study of the action of the 
crude enzyme upon mixtures of hyaluronate and chondroitinsulfate. The 
action of testicular hyaluronidase upon both hyaluronate and chondroitin- 
sulfate has been established (1, 2). A single enzyme, when acting upon a 
mixture of two substrates, should exhibit an activity intermediate between 
those observed with the substrates individually (15, 16). Under similar 
conditions, a mixture of two enzymes which act upon the two substrates 
independently exhibits an activity equal to the sum of the activities upon 
the substrates separately. 
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Although the turbidimetric technique does not give a direct measure of 
molecular weight, the data in lig. 3 suggested that depolymerization was 
effected by a single enzyme, hyaluronidase. The hydrolysis of an equi- 
molar mixture of hyaluronate and chondroitinsulfate was more rapid than 
that of either substrate alone (lig. 4), although the total activity with the 
mixture did not quite attain the sum of the activities upon the individual 
substrates. Thus hyaluronidase apparently acted upon both substrates, 
while another enzyme apparently acted upon chondroitinsulfate alone. 
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Fic. 3. The rate of depolymerization of a mixture of the two substrates. Separate 
solutions of hyaluronate (X) and chondroitinsulfate (O) and an equimolar mixture 
of the two (@), in various concentrations, were incubated 10 minutes with 1 turbidity- 
reducing unit of crude enzyme. The apparent destruction of substrate was meas- 


ured. 

Fic. 4. The rate of hydrolysis of a mixture of two substrates. Conditions similar 
to those in Fig. 3, except that the rate of release of reducing sugars was measured. 
The sum of the separate actions on the two substrates is plotted as a dashed line. 


The data from the previous experiments suggested that the second en- 
zyme must have acted upon a by-product of the hyaluronidase action, 
probably either an oligosaccharide or the terminal portion of the polymer 
molecule. Further evidence for the existence of this second enzyme was 
sought. 

pH—The action of hyaluronidase upon its two substrates is affected 
similarly by pH (Houck and Pearce, unpublished observations). How- 
ever, with the crude enzyme, the hydrolysis of chondroitinsulfate was 
optimal at pH 4.8, with little change in activity between pH 5.4 and 6.4. 
The hydrolysis of hyaluronate exhibited a broad optimum around pH 5.1 
(Fig. 5). The presence of a second enzyme was suggested by the differ- 
ence in the pH-activity curves for the two substrates. 
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Thermal Inactivation—After both the crude and the commercial enzyme 
preparations were heated at various temperatures and reactivation was 


q 


Oo 


Oo 


REACTION RATE (pg/mi/IO min.) 


Fic. 5. The effect of pH on the reaction rate. The release of reducing substances 
in 10 minutes was measured in 1 ml. of 0.1 mM acetate buffer containing either 1.6 mg. 
of hyaluronate (X) or 8.0 mg. of chondroitinsulfate (O), 0.4 turbidity-reducing units 
of crude enzyme, and 0.15 M NaCl. 


5 Of 

© 


40 90 60 70 
TEMPERATURE (°C) 
hia. 6. The actions of crude enzyme after treatment at various temperatures. 
5 turbidityv-reducing units of crude enzyme in 1 ml. of the standard buffered saline 
were heated for 30 minutes and allowed to stand 18 hours at 4°. 1 ml. of buffer, 
containing 2 mg. of hyaluronate (O) or 3 mg. of chondroitinsulfate (0), was added 
and the subsequent release of reducing groups was measured. Also, to 1 ml. portions 
of the enzyme was added 1 ml. of buffer containing 200 y of either hyaluronate (X ) 
or chondroitinsulfate (@). The apparent depolymerization of the substrate was de- 
termined turbidimetrically. In each case the loss of enzymic activity was expressed 
as u percentage of the value with the untreated enzyme. 


allowed to occur (17, 18), the depolymerizing activity upon both hyaluronate 
and chondroitinsulfate was reduced proportionately. However, the hy- 
drolytic activity upon chondroitinsulfate was affected at a temperature 
much lower than its activity upon hyaluronate (Fig. 6). 

Comparison of Crude and Purified Hyaluronidase—Prolonged digestion 
with the crude or commercial enzymes resulted in the hydrolysis of chon- 
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droitinsulfate to twice the extent of that effected by the purified hyaluroni- 
dase (Fig. 7). The action of the crude enzyme upon hyaluronate exceeded 
only slightly that of the purified preparation. The excessive hydrolysis 
of chondroitinsulfate was attributed to the second enzyme believed to be 
present in the crude preparation. 

Site of Enzymic Action—The increased release of reducing groups by 
the second enzyme suggested that it attacked the glycosidic bonds of chon- 
droitinsulfate, which may be either glucuronidic or galactosaminidic. In 
the case of hyaluronate, 6-glucuronidase from testis and liver affected hy- 
drolysis similarly to the supposed second enzyme (19). But the absence 


REDUCING SUGAR 


TIME (hr.) 


hic. 7. A comparison of the hydrolytic actions of crude and purified hyaluroni- 
dase. Duplicate 20 ml. portions of the standard buffer, each containing 4 mg. of 
chondroitinsulfate, were incubated with 100 turbidity-reducing units of either crude 
(©) or purified (Q) hyaluronidase in 0.1 ml. of buffer. 1 ml. samples were removed 
at intervals for the estimation of reducing materials. After 18 hours, a second 
addition of 100 turbidity-reducing units of enzyme was made to each tube as follows: 
crude enzyme was added to one tube treated previously with crude enzyme (©) and 
also to one tube treated previously with the purified enzyme (f). A second portion 
of purified enzyme was added to the remaining tubes. Further analyses for reducing 
substances were performed at 30 minute intervals. 


of B-glucuronidase in our crude enzyme and the failure of the preparation 
to hydrolyze hyaluronate excluded this explanation of our findings, unless 
a highly specific glucuronidase be postulated. The release of N-acetyl] 
hexosaminidic end groups, estimated by the Morgan-Elson reaction (20), 
paralleled closely the release of reducing substances (Table II) and sug- 
gested that the enzyme was a 6-galactosaminidase rather than a glucuroni- 
dase. 

The results might be explained by the presence in the crude preparation 
of a sulfatase which converted chondroitinsulfate to chondroitin. The 
latter would be attacked by hyaluronidase more rapidly than chondroitin- 
sulfate (21), but chondroitin is not attacked by hyaluronidase more rapidly 
than hyaluronate, as observed in the present experiments. For this reason, 
the involvement of a sulfatase has been rejected. 

The hydrolysis of more than one-third of the glycosidic bonds of a sub- 
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TABLE II] 
Hydrolysis of Chondrottinsulfate by Crude Hyaluronidase* 


N-Acetylhexosamine, y per ml. 


Duration of incubation 


Reducing groups Morgan-Elson 
hrs. 
0 0 0 
2 24 23 
4 4] 44 
6 a7 
67 65 
10 72 74 
18 S6 
20 87 SS 


* Duplicate 50 ml. portions of buffer, containing 250 turbidity-reducing units of 
crude enzyme and 45 mg. of chondroitinsulfate, were incubated for 20 hours. Ini- 
tially and at intervals, 2 ml. portions were removed for the estimation of reducing 
substances (13) and N-acetylhexosamine (20). N-Acetylglucosamine was used as a 
standard for both procedures. 


TABLE III 


Ethanolic Fractionation of Crude Enzyme* 


Ethanol pH 5.4 | pH 4.8 

(per cent v/v) D | H | H/D D | H | H/D 
Untreated 250 16 0.064 250 | 16 : 0.064 
0-10 | 8 0 1 0.100 
10-20 14 6 0.43 60 30 0.500 
20-30 178 18 0.10 150 80 

30-40 1900 120 0.063 83 | 6000 | 72.0f 
40-50 2800 75 0.026t 1200 


ID = depolymerizing activity; H = hydrolytic activity. 

* 1 gm. of commercial enzyme was dissolved in 1000 ml. of 0.15 M NaCl, buffered 
to either pH 4.8 or 5.4 with 0.05 m acetate. After chilling to 4°, cold ethanol was 
added to give a concentration of 10 per cent (v/v). The precipitate that had formed 
upon standing for 30 minutes was removed by filtration through filter paper pulp. 
The fractionation was repeated at ethanol concentrations of 20, 30, 40, and 50 per 
cent. Each batch of pulp was eluted separately with buffer and the eluate was 
dialyzed overnight at 4° against tap and distilled water and lyophilized. The ly- 
ophilized enzyme was assayed for its depolymerizing activity upon hyaluronate (D, 
in turbidity-reducing units per mg. of dry weight) and for the release of reducing 
groups from 200 y of chondroitinsulfate (H, in micrograms of glucose equivalents per 
mg. of dry weight). 

t Fraction II. 

t Fraction I. 
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strate known to be nearly pure excluded the possibility that the enzyme 
was attacking a contaminant of the substrate. 

Fractionation of Crude Enzyme—The purified hyaluronidase did not dis- 
play the anomalous hydrolytic activity upon chondroitinsulfate which 
was observed with the crude and commercial preparations. Since the 
purified enzyme had been fractionated from buffered solutions with ethanol 
(22), the separation of the two activities by a similar procedure was at- 
tempted (see Table III). The pH values optimal for the action of the 
crude enzyme upon chondroitinsulfate and hyaluronate, respectively, were 
chosen because of their probable correspondence to the minimal solubility 
of the enzymes. ‘The material precipitated by 50 per cent ethanol at pH 


TABLE IV 
Activity of Fractions I and II of Crude Hyaluronidase* 
Activity of 
Fraction I Fraction II Ratio, reaction . 
Fraction II 
Depolymerizationt 
Chondroitinsulfate 585 16 37 
Hyaluronate | 2800 S4 33 
Hydrolysist 
Chondroitinsulfate 75 6000 0.05 
Hyaluronate 375 ! 11 34 


* Fractions I and II were incubated separately under standard conditions with 
200 y of either hyaluronate or chondroitinsulfate. 

+ The values are in turbidity-reducing units per mg. of dry weight. 

t The values are in micrograms of glucose equivalent per mg. of dry weight. 


5.4 (Fraction I) depolymerized both hyaluronate and chondroitinsulfate 
35 times more rapidly than the material precipitated by 40 per cent ethanol 
at pH 4.8 (Fraction II) (seeTableIV). Thehydrolytic activity of Fraction I 
upon hyaluronate was also 35 times that of Fraction II. However, Frac- 
tion II hydrolyzed chondroitinsulfate 666 times as rapidly as did Fraction I. 
Apparently Fraction I contained principally hyaluronidase and Fraction II 
principally the enzyme acting upon chondroitinsulfate only. 

The hydrolytic activity of Fraction I upon chondroitinsulfate showed 
the same response to heating as the activity of the crude enzyme upon 
hyaluronate (Fig. 6). The response of Fraction II was similar to that of 
the crude enzyme when its activity upon chondroitinsulfate was assayed. 


DISCUSSION 


Two explanations of these observations seem tenable. An enzyme in 
crude bovine testicular preparations other than hyaluronidase might act 
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either (a) upon the oligosaccharides produced by the action of hyaluroni- 
dase upon chondroitinsulfate or (b) upon the terminal portion of the chon- 
droitinsulfate molecule. 

The first explanation would apply if the oligosaccharide substrate were 
sufficiently small not to produce a turbidity with acidified protein. While 
this holds for hyaluronate, the products of exhaustive hyaluronidase treat- 
ment of chondroitinsulfate produced a measurable optical density (Houck 
and Pearce, unpublished results). In regard to the second alternative, a 
terminal end group such as a di- or tetrasaccharide, split from chondroitin- 
sulfate by the second enzyme, would not form a turbidity itself, nor would 
it alter appreciably the turbidity formed by the parent molecule. 

Thus the phenomena described above are explicable by the hypothesis 
that the crude bovine testicular preparations contained an enzyme that 
would act upon the end of the chondroitinsulfate molecule. The speci- 
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hig. 8. The reaction rate at various enzyme concentrations. The release of re- 
ducing substances from 1.0 mg. of hyaluronate (XX) or 2.0 mg. of chondroitinsulfate 
(QO) by various concentrations of crude enzyme under standard conditions. 


ficity for the terminal end groups would explain the high concentrations 
of polymerized substrate required to obtain the maximal release of reducing 
substances. The concentrations of end groups increase as the hyaluroni- 
dase depolymerized the chondroitinsulfate. Thus the transient increase 
in reaction rate was due to an increase in substrate concentration. 

An increase in the concentration of crude enzyme preparation increased 
both the concentration of this enzyme and the rate at which its substrate 
was produced by hyaluronidase action. Since the second enzyme was not 
saturated at the substrate concentration employed, each successive incre- 
ment of enzyme concentration produced a greater increase in reaction rate 
(Fig. 8). 

Efforts to purify the second enzyme, to isolate and characterize its sub- 
strate, and to determine its specificity are being pursued. 


SUMMARY 


Crude bovine testicular extracts contain an enzyme active upon chon- 
droitinsulfate A but not upon hyaluronate. Preliminary evidence suggests 
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that this enzyme attacks the terminal 6-galactosaminidic bond of the sub- 
strate. 
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THE PURIFICATION AND PROPERTIES OF 
HYDROPYRIMIDINE HYDRASE* 


By DONALD P. WALLACH{ anp SANTIAGO GRISOLIA$ 


(From the McIlvain Biochemical Cardiovascular Laboratories, 
Department of Medicine, University of Kansas 
Medical Center, Kansas City, Kansas) 


(Received for publication, August 22, 1956) 


The metabolic conversion of uracil and thymine to 8-alanine and 6-amino- 
isobutyric acid with the intermediate formation of hydropyrimidine com- 
pounds has been demonstrated largely by the studies of Fink e¢ al. (1) with 
liver slices. These authors have also reported on the ability of supernatant 
fluids of rat liver homogenates to achieve the enzymatic interconversions 
of hydrouracil and hydrothymine to carbamy] #-alanine and carbamy] 
B-aminoisobutyric acid (2). We have reported (3) that the enzyme cata- 
lyzing the interconversion of carbamy] 8-alanine and hydrouracil is present 
entirely in the supernatant fluid fraction of the livers of calf, rat, and pigeon, 
and that it has not been possible to demonstrate thus far its existence in 
other animal tissues or in yeast or bacteria. Independent investigations 
of Batt! have also demonstrated this enzyme in animal tissues. Carbamy] 
8-alanine is enzymatically converted to B-alanine, COs, and ammonia (3). 
We have found,’ in addition, as has Canellakis (4), evidence for the enzy- 
matic degradation of uracil, presumably to hydrouracil, in animal tissues. 

It is apparent that the enzyme which converts hydrouracil to carbamy] 
8-alanine, termed hydropyrimidine hydrase, might play an important role 
in the metabolism of pyrimidines in the animal. This paper presents a 
method for the purification of the enzyme which catalyzes the conversion 
of hydrouracil or hydrothymine to their corresponding carbamyl com- 
pounds with a 25 per cent yield and about a 200-fold purification of the 
starting material (water extracts of beef liver acetone powders). This 
purified enzyme also rapidly catalyzes the conversion of hydantoin to 
carbamyl glycine, making it highly probable that the hydropyrimidine 
hydrase is identical with the enzyme termed hydantoin peptidase of Eadie 
et al. (5). Certain properties of the enzyme are also described. 

* Supported by grant No. H-1925, National Heart Institute, National Institutes 
of Health, and grant No. 67, The Helen Hay Whitney Foundation. 

t Postdoctorate Fellow of the National Heart Institute, National Institutes of 
Health. Present address, The Upjohn Company, Kalamazoo, Michigan. 

t Established Investigator of the American Heart Association. 


1 Personal communication from Dr. R. D. Batt. 
? Unpublished observations of 8S. Grisolia, D. P. Wallach, S. Cardoso, and J. Cara- 
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Methods 


Analytical—Carbamyl compounds possess a higher chromogenicity than 
their corresponding hydropyrimidines, and that of carbamyl glycine is 
greater than that of hydantoin; accordingly the colorimetric analytical 
method of Archibald (6) with a heating period of 15 minutes was used. As 
previously reported (3), this method is quite sensitive, although a calibra- 
tion curve is necessary since the color production does not follow Beer’s 
law. The products were identified by paper chromatography as described 
by Fink et al. (7). 

Protein was estimated by the method of Mokrasch et al. (8). 

Assay—The enzyme, buffer, and 25 uwmoles of substrate were incubated 
in conical 12 ml. centrifuge tubes in a final volume of 2 ml. When enzyme 
preparations of higher purity than Step 5 (see under ‘‘Experimental’’) were 
used, 2.5 mg. of egg albumin (Difco Bacto egg albumin) were added per 
ml. of incubation mixture. Unless otherwise specified, all incubations 
were carried out at 30°. Incubation mixtures were deproteinized by the 
addition of 5 ml. of 10 per cent HCIO,, followed by centrifugation. During 
the purification procedure, all assays were carried out in 0.25 m Tris* buffer, 
pH 9.2. 

Definition of Specific Activity—A unit of enzyme is defined as the amount 
of enzyme which converts 1 wmole of substrate under the conditions of the 
assay indicated above in a 15 minute interval. 


Materials 


Hydrothymine and hydrouracil were obtained from the California Foun- 
dation for Biochemical Research. Samples of these compounds were also 
prepared by the method of Fischer and Roeder (9). An additional sample 
of synthetic hydrothymine was received as a gift from Dr. R. D. Batt, De- 
partment of Biochemistry, University of Otago, Otago, New Zealand. 
Carbamy] £-alanine and carbamyl 8-aminoisobutyric acid were prepared 
from the corresponding amino acids and potassium cyanate essentially as 
described by Nyc and Mitchell (10). Synthetic carbamy] 8-alanine amide 
was a gift from Dr. V. W. Rodwell of this laboratory. Imidazole 4,5- 
dicarboxylic acid was made by the procedure of Snyder et al. (11). Orotic 
acid and 5-(carboxymethylidine)hydantoin were prepared according to 
the procedure of Nye and Mitchell (10). A sample of urocanic acid was 
a gift from Dr. A. H. Mehler, National Institutes of Health, Bethesda, 
Maryland. The fresh calf livers were obtained through the kind coopera- 
tion of Mr. N. Kelly of Armour and Company at Kansas City. Other 
materials used were commercial products. 


Tris = tris(hydroxymethy])aminomethane. 
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EXPERIMENTAL 


Preparation of Acctone Powders—F¥resh calf liver was brought to the 
Jaboratory packed in ice within 60 minutes from the time the animal was 
killed. After trimming, the liver was cut into approximately 1 inch cubes 
and homogenized for 2 to 3 minutes in a cooled Waring blendor with 5 
volumes of cold (—20°) acetone. 5 more volumes of acetone (—20°) were 
added with mixing, and the mixture was held at —20° for about 2 hours. 
The supernatant fluid was then siphoned off as far as possible without 
disturbing the sediment, which was then filtered in a 13 inch diameter 
Biichner funnel by applying gentle suction with the water pump. Just 
before the contents of the funnel were dry, the suction was stopped and 
a large piece of dental rubber dam was stretched over the top of the funnel 
and secured with rubber bands. After 40 to 60 minutes of suction with 
the water pump and an empty filter flask, a mechanical vacuum pump was 
used for 6 to 8 hours. The well dried cake was broken, sifted, and trans- 
ferred to a desiccator over alumina, evacuated for 30 minutes, and stored 
in the cold. Approximately 500 gm. of acetone powder were prepared at 
a time. 


Enzyme Purification 


Steps 1 to 4 should be carried out in a minimal time to insure good re- 
coveries. All centrifugations during fractionation were carried out at 0° 
and at 4000 X g, 5 minutes for Step 2, 10 minutes for Steps 1, 4, 5, 6, and 
7, and 15 minutes for Step 3. The volumes of reagents added during frac- 
tionation refer to the volume at the beginning of the particular step. 

Step 1. Extraction—80 gm. of acetone powder were extracted with 400 
ml. of cold water and gently stirred for 10 minutes at 0° and centrifuged. 
The supernatant fluid (300 ml.) was set aside and the precipitate extracted 
with 400 ml. of water and centrifuged. ‘The second supernatant fluid 
(375 ml.) was combined with the first to give the ‘“‘Crude extract” (see Ta- 
ble I). 

Step 2. Acid Treatment—The crude extract was treated successively, 
and with vigorous stirring, with 0.1, 0.05, and 0.075 volumes of cold 0.1 N 
acetic acid, and the precipitate removed after each addition. Finally, 
0.0375 volume of 1 N acetic acid was added, followed immediately by 0.262 
volume of 1 Mm KHCOs, to give the acid-treated fraction (Table I). 

Step 3. Heating—The solution was brought with constant agitation to 
60° in a water bath maintained at 62-65° (it should take no more than 
15 to 17 minutes to reach 60°), kept at this temperature 5 minutes, and 
then cooled rapidly in an ice water bath. The enzyme preparation was 
then centrifuged and the precipitate discarded. The supernatant fluid, 
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which should be distinctly pink, is called the ‘‘Heat-treated fraction” 
(Table I). 

Step 4. First Ammonium Sulfate Fractionation—0.8 volume of ammo- 
nium sulfate saturated at 0° was added and stirred well during a5 minute pe- 
riod. The precipitate formed was removed by centrifugation and dis- 
carded, and the enzyme was precipitated from the supernatant fluid with 
1.0 volume of ammonium sulfate stirred in during a 5 minute interval. 
The precipitate was collected by centrifugation, dissolved in cold water, 
and brought to half the initial volume of this step. This preparation 
is stable for several months if stored at —20° and should be kept frozen 


TABLE I 
Purification of Hydropyrimidine Hydrase q 
| 
Total i Total Specifi 
ml, x 108 per me per cent 
1 Crude extract 675 14.5' 9.8 42.5 0.341) 100 
2 Acid-treated fraction | 970 19.3 | 18.7 23.0 | 0.813 195 
3 Heat-treated 21.5 18.7 9.2 2.04! 195 
4 Ast (NH,4)2SO, fraction | 430 30.5 | 13.23 6.4 4.76 136 , 
5 ‘* acetone fraction | 215 47.38, 10.2 5.2 9.13 104 | 
6 2nd (NH4)2SO, fraction (107 61.32 6.55 2.9 | 21.10 67 
7 ‘acetone fraction | 88.36 4.68 2.07 | 42.70 48 
8 3rd (NH4)2SO, fraction | 2 1292 2.58 | 19.45 | 66.2 26 


Steps 1 to 7 have been repeated more than ten times with less than 5 per cent dif- 
ference in yield and 10 per cent in specific activities. Step 8 has been repeated five 
times with a maximal deviation of 20 per cent in yield and specific activity. 

* With hydrouracil as a substrate under the standard conditions of assay indicated 
in the text. 


at this temperature for at least 24 hours before further fractionation is 
attempted. 

Step 5. First Acetone Fractionation—In this and subsequent solvent frac- 
tionations, the solvent concentration has been calculated without correction 
for volumes of precipitates removed or changes in volume caused by solvent 
mixing. 

The enzyme preparation (430 ml.) was thawed and diluted with water 
to 860 ml. It was then cooled below 0° in an ice-salt water bath (—8° 
to —10°). 624 ml. of cold (0°) acetone were added with stirring. 

Care was taken not to let the temperature rise above 3° or 4° during 
this and subsequent additions. The precipitate formed was centrifuged 
and discarded. 204 ml. of cold (0°) acetone were added to the supernatant 
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fluid to give a precipitate (42 to 49 per cent acetone) which was removed 
by centrifugation. This precipitate containing the bulk of the enzyme 
was taken up in water to a final volume of 215 ml. (Step 5 (see Table 1)) 
and frozen at —20°. At this stage the enzyme is stable for 1 month and 
should be kept frozen for at least 24 hours before further fractionation is 
attempted. 

Step 6. Second Ammonium Sulfate Fractionation—The enzyme prepara- 
tion was thawed and the insoluble material (which often appears after 
freezing) was removed by centrifugation and discarded. 1.1 volumes of 
ammonium sulfate solution (saturated at 0°) were added at 0° with stirring 
and during a 5 minute interval. The precipitate was then centrifuged 
and discarded, and the enzyme was precipitated from the supernatant fluid 
with 0.7 volume of the saturated ammonium sulfate stirred in during a 
5 minute interval. The precipitate was centrifuged, dissolved in water, 
and made up to half the volume present at the initiation of this step. This 
is the second ammonium sulfate fraction (Table I). 

Step 7. Second Acetone Fractionation—72 ml. of cold acetone (0°) were 
added to 104 ml. of the preceding fraction (under the same conditions as 
those for Step 5) to give 41 per cent final concentration. The precipitate 
was centrifuged and taken up in water to a volume of 53 ml.; any insoluble 
material was centrifuged and discarded. The supernatant fluid containing 
the enzyme is the second acetone fraction (Table I). 

Step 8. Third Ammonium Sulfate Fractionation—The enzyme was con- 
centrated by precipitation with 2 volumes of saturated ammonium sulfate 
and centrifugation at 18,000 * g for 10 minutes. The precipitate was 
taken up in water to a final volume of 2.5 ml., and any insoluble material 
centrifuged (18,000 * g for 5 minutes) and discarded. The ammonium 
sulfate present in the supernatant fluid was estimated, and saturated am- 
monium sulfate (0°) was added stepwise until 60 to 70 per cent of the 
enzyme was precipitated. The amount required varies between 0.5 and 
1.0 ml. of saturated ammonium sulfate. 

There is no appreciable precipitation before 0.4 saturation is reached, 
and the precipitation of the enzyme is essentially complete (90 to 95 per 
cent) at 0.46 saturation. Sometimes it is convenient to precipitate the 
bulk of the enzyme by adding ammonium sulfate to 0.5 saturation and 
refractionating the precipitate by adding ammonium sulfate to 0.435 satu- 
ration. (This precipitation at the high enzyme concentration level helps 
to remove traces of greenish pigments which coprecipitate, and the recov- 
ery of activity is practically quantitative.) The precipitate is then dis- 
solved in water and made up to 2.0 ml. This is the third ammonium 
sulfate fraction (fraction 8, Table I). At this stage, the enzyme is stable 
for several months if kept frozen at —20° and can be dialyzed at 4° against 
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phosphate or Veronal buffer, pH 6.9 and 8.6, respectively, without. loss 
of activity. 


Properties of Enzyme 


The third ammonium sulfate fraction is not homogeneous as indicated 
by the ultracentrifuge patterns shown in Fig. 1. These patterns indicate 
the existence of a major component, which has been calculated to be 80 + 
5 per cent of the total, and approximately equal amounts of faster and 
slower components. 

Since attempts to crystallize or purify the enzyme further have not been 
successful thus far, we have sought additional evidence regarding the pres- 
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Fic. 1. Sedimentation pattern of hydrepyrimidine hyvdrase. Protein concentra- 
tion, 9.7 mg. per ml.; 0.1 M potassium phosphate buffer, pH6.9. Average tempera- 
ture during centrifugation, 9°; speed 59,780 r.p.m. Bar angle, 40 degrees. Expo- 
sures from left to -_ are 16, 32, and 48 minutes after speed equilibration. seo. = 
6.99. Kindly performed by Dr. H. Edelhoch of the Department of Pathology. 


ent stage of purity of the preparation by electrophoretic analysis and by 
testing samples from the electrophoresis cell for enzymatic activity. To 
this end several batches of enzyme were brought to Step 8, and samples 
were dialyzed against phosphate and Veronal buffers, pH 6.9 and 8.6, 
respectively, and analyzed electrophoretically. 

“xamples of the electrophoresis patterns are shown in Fig. 2... These 
patterns, obtained in the Spinco model H electrophoresis apparatus at 
pH] 6.9 and 8.6, are similar in that each shows a single peak with a slower 
moving shoulder. Computations of the Rayleigh fringe patterns of the 
enzyme concentration gradient showed the slow shoulder to comprise about 
15 per cent of the total boundary. This compares favorably with the ultra- 
centrifugal analysis of the concentration gradients, and we may conclude 
that the principal boundary constitutes close to 80 per cent of the total. 
To establish whether the enzyme activity is associated with the major 
component, samples were taken of the shoulder components at the end of 
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the electrophoresis. It was found that the specific activities of the shoulder 
samples were 10 and 5 per cent that of the mixed sample before and after 
electrophoresis. It appears reasonable to conclude that the enzyme at 
Step 8 of purification is not far from 80 per cent absolute purity. 


Fig. 2. Electrophoresis pattern of hydropyrimidine hydrase. Upper section = 
phosphate buffer, pH 6.9, 0.10 m; time = 5 hours, 40 minutes. Potential gradient = 


3.95 volts per em. ascending boundary. Mobility = —2.85 K 10°° em.? per sec. per 
volt. 6.85 mg. of protein per ml. Lower section = Veronal buffer, pH 8.6, 0.10 m; 
time = 2 hours, 10 minutes. Potential gradient = 6.30 volts per cm. ascending 
boundary. Mobility = —4.27 X 107° ecm.? per sec. per volt. 4.52 mg. of protein per 


ml. Kindly performed by Dr. H. kdelhoch of the Department of Pathology. 
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Fia. 3. The effect of time of incubation on carbamy] @-alanine formation from 
hydrouracil. Each tube contained the following in 1 ml. of volume: hydrouracil 20 
umoles, Tris buffer, pH 9.2, 300 umoles, egg albumin 1 mg., and enzyme, Fraction 8, 
140 and 14 y for the upper and lower curves, respectively. Temperature, 30°. 


No explanation has yet been found for the apparent increase in activity 
during fractionation (compare Steps | and 2, Table I). Whether this 
represents the removal of an inhibitor or perhaps a fragmentation of the 
protein, as suggested by Dr. J. C. Towne, remains to be investigated. 


Effect of Incubation Time and Enzyme Concentration 


Under the conditions shown in Fig. 3, the rate of conversion of hydro- 
uracil to carbamy! @-alanine is linear for some 2 hours (lower curve). The 
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upper curve, containing 10 times more enzyme, shows linearity only for a 
limited period, as the reaction reached completion in 45 minutes of incuba- 
tion. 
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Fic. 4. The effect of enzyme concentration on carbamy] B-alanine formation from 
hydrouracil. The concentrations of buffer, substrate, and egg albumin were the same 
as for the experiment of Fig. 3, except that the volume was 2 ml., temperature 30°, 
and time 15 minutes. 

Fic. 5. The effect of pH. 300 uwmoles of buffer per ml. of incubation were used 
throughout for the study of the influence of pH upon the enzymatic reaction. The 
buffers used were citrate-phosphate for pH 4.0 to 5.5, phosphate from pH 6.0 to 7.0, 
Tris from pH 7.5 to 9.2, and carbonate-bicarbonate from pH 9.5 to 10.7. Substrate 
concentrations were 25 wzmoles per ml. for the hydropyrimidines and hydantoin and 20 
umoles per ml. for the carbamylamino acids. 1 mg. of egg albumin per ml. of final 
volume. The enzyme concentrations were 15 y per tube when hydropyrimidines or 
hydantoin was used and 196 y when carbamylamino acids were used as substrates. 
The results are expressed as micromoles of change per 50 minutesincubation. Tem- 
perature 30°. Open circles, carbamyl B-alanine; open triangles, carbamyl 6-ami- 
noisobutyric acid; solid circles, hydrouracil; solid triangles, hydrothymine; solid 
squares, hydantoin. 


lig. 4 shows the proportionality between enzyme concentration and 
rate over a 10-fold range of enzyme concentration. Again, at higher levels 
of enzyme the reaction went to completion. It is apparent that the equi- 
librium of the reaction is pH-dependent since we previously found the 
equilibrium constant A.qg. = hydrouracil divided by carbamy]! 8-alanine 
to be 1.5 at pH 5.0 (3). 

Specificity—An extensive study of the specificity of the enzyme has not 
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been carried out as yet. However, the purified enzyme shows activity 
for hydrouracil and hydrothymine and for the corresponding carbamyl- 
amino acids. It is inactive with carbamyl @-alanine amide. Barbituric 
acid, imidazole 4,5-dicarboxylic acid, 5-(carboxymethylidine)hydantoin, 
orotic acid, 4,5-aminoimidazolecarboximide, urocanic acid, and 5-(di- 
phenyl)hydantoin (dilantin) are inactive. An interesting finding is that 
hydantoin is very reactive. This observation poses the question as to 
whether the hydropyrimidine hydrase is identical with the hydantoin 
peptidase of Eadie et al. (5). That the purified enzyme is not a mixture 
of the two enzymes is suggested by equal ratios of specific activities in the 
“Crude extract’? and in the purest preparation (Step 8) when tested 
under the standard conditions of assay with hydrouracil, hydrothymine, 
and hydantoin. 

Effect of pH—The effect of pH upon the rate of conversion of hydro- 
uracil, hydrothymine, and hydantoin to carbamyl f-alanine, carbamy] 
B-aminoisobutyric acid, and carbamyl] glycine is shown in Fig. 5. The 
effect of pH upon the rate of conversion of carbamy] 8-alanine and carbamy] 
8-aminoisobutyric acid to hydrouracil and hydrothymine, respectively, is 
also shown in Fig. 5. 

We have not been able to demonstrate enzymatic conversion of carbamy] 
glycine to hydantoin in the pH range 5 to 8. This provides further evi- 
dence identifying the purified enzyme with the enzyme described by Eadie 
et al. (5), who also were unable to demonstrate the conversion of carbamy! 
glycine to hydantoin. As indicated in Fig. 5, the optimal pH is near 8.5 
when hydantoin is the substrate. This compares favorably with the opti- 
mum of 8.2 reported when borate buffer was used (5). It is apparent from 
the data of Fig. 5 that the optimal pH for the hydration and opening of 
the ring is on the alkaline side, and that the optimal pH for ring closure is 
on the acidic side. 

In addition, it is apparent that the rates vary markedly from substrate 
to substrate used. The rate of conversion of hydropyrimidines to car- 
bamylamino acids is 10 to 20 times faster than the conversion of carbamy!] 
B-alanine or carbamy] @-aminoisobutyric acid to their corresponding hydro- 
pyrimidines. 


Influence of Substrate Concentration on Enzyme Activity 


The effect of the substrate concentration was studied at pH 9.2. The 
Michaelis-Menten constant (K,,), calculated graphically according to Line- 
weaver and Burk (12), is 0.83 m for hydantoin, 11.75 & 10>? m for hydro- 
uracil (this value is not markedly affected by Mgt ions), and 2.1 & 10-3 mM 
for hydrothymine. An estimation of the turnover number (moles per 
100,000 gm. of protein per minute) at 30° and under optimal conditions 
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for each substrate gave the following values; 27,000, 4300, and 420 for 
hydantoin, hydrouracil, and hydrothymine, respectively. 

Effect of Ions—Cat**, Sr++, Fe*+*, and Cot+ up to 1 & 10-* M showed no 
marked effect upon the enzyme when tested with hydrouracil as a substrate. 
Snt+ inhibits the reaction completely at 1 XX 10-2 m and 50 per cent at 
5 X 10-*m. At concentrations of 2.5 X 10-3 m and below, Sn** has no 
effect upon the reaction. Mgtt and Mn** are marked accelerators of 
the enzymatic formation of carbamy] 8-alanine from hydrouracil, as shown 
in Table II. Of interest is the finding that Mg** ions are only slightly 
stimulatory (about 10 per cent) when hydrothymine is the substrate and 
show no action in concentrations up to 5 & 10-3 mM when hydantoin is the 


TaBLeE II 


Effect of Mg** and Mn** Ions on Enzymatic Conversion 
of Hydrouracil to Carbamyl B-Alanine 


Conditions Formed Conditions Formed 

pmoles pmoles 

Control 4.39 10°? Mgtt 13.23 
EDTA* 2.80 + 5X 10-4 Mnt* 8.15 
+ 5X 10-4 Mgtt 11.23 + 2.5 & 10-3? m Mntt 9.75 
+ 2.5 X mM 12.31 + 5X 10°? mM Mn** 10.70 
+ 5X 107-3 m Mg** 12.55 11.10 


Each tube contained the following in 1 ml. of volume: hydrouracil 25 uwmoles, 
Tris buffer, pH 9.2, 300 uzmoles. 1 mg. of egg albumin and 60 7 of protein of enzyme 
Fraction 8 dialyzed for 12 hours at 4° against 0.1 mM potassium buffer, pH 6.9. 

* Disodium ethylenediaminetetraacetate. 7 


substrate. Of further interest is the finding that 5 K 10-* m Mg?** ions 
are inhibitory (10 to 20 per cent) when carbamyl @-alanine or carbamy] 
B-aminoisobutyric acid is the substrate. That inorganic ions in trace 
quantities might be necessary for the enzymatic conversion of hydrouracil 
to carbamy] @-alanine is indicated by the inhibitory action produced by 
Versene (Table II). 


DISCUSSION 


It is reasonable to assume that the pyrimidine hydrase may play an 
important role in the metabolism of pyrimidines. Whether the physi- 
ological function of this enzyme is primarily directed to synthesis or degra- 
dation, or both, is as yet difficult to decide. The purified enzyme has no 
action on barbituric acid. If the hydropyrimidine hydrase is in the main 
pathway of pyrimidine catabolism, the pathway of degradation of pyrimi- 
dines may be different in mammals and in bacteria, for bacteria can degrade 
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barbituric acid to urea and malonic acid and also oxidize uracil to barbituric 
acid (13). As already indicated, we have not been able to demonstrate 
the presence of the hydropyrimidine hydrase in bacteria. The lack of 
reactivity of the amide of carbamyl @-alanine may reflect the fact that 
there is another hydrase distinct from the one described here, or that hydro- 
cytosine may be deaminated prior to hydrase activity. The inability of 
the purified enzyme to catalyze the formation of hydantoin from carbamy] 
glycine indicates that, in so far as hydantoin metabolism is concerned, the 
enzyme should be considered in the pathway of degradation. Of interest 
in this regard is the fact that the purified enzyme appears to be inactive 
with substituted hydantoins, and one must conclude that ancillary, or 
perhaps entirely different, enzymatic pathways of degradation do exist in 
the animal for degradation of substituted hydantoins. 

Of special interest is the markedly different affinity of the enzyme for 
hydantoin, hydrouracil, and hydrothymine, as is also the metal activation 
which occurs only when hydrouracil is the substrate. It does not appear 
likely that the dialyzed preparation has a metal contaminant which does 
not saturate the enzyme when hydrouracil is the substrate. If such were 
the case, it would necessitate postulating either that hydrouracil possesses 
higher chelating ability than hydantoin and hydrothymine or that the 
enzyme contains bound metal which activates maximally with the other 
substrates and not with hydrouracil. It should be remembered that Mgt* 
ions are slightly inhibitory when added to the enzyme with either carbamy] 
8-alanine or carbamyl 6-aminoisobutyric acid as the substrate. 


SUMMARY 


A method is described for preparing, with good yields and with some 
200-fold purification, the enzyme able to catalyze the enzymatic intercon- 
version of carbamy] 6-alanine or carbamyl] 6-aminoisobutyric acid to hy- 
drouracil or hydrothymine, respectively. The purified enzyme is able 
to convert hydantoin to carbamy] glycine at a rapid rate, but does not 
catalyze the reverse reaction. It is judged to be about.80 per cent pure 
on the basis of electrophoretic and ultracentrifugal data. The possible 
relations of this enzyme to pyrimidine and hydantoin metabolism are 


discussed. 
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BIOSYNTHESIS OF COLLAGEN 


THE INFLUENCE OF ASCORBIC ACID ON THE PROLINE, HYDROXY- 
PROLINE, GLYCINE, AND COLLAGEN CONTENT OF 
REGENERATING GUINEA PIG SKIN* © 


By BERNARD S. GOULD anpb J. FREDERICK WOESSNER{ 


(From the Division of Biochemistry, Department of Biology, Massachusetis 
Institute of Technology, Cambridge, Massachusetts) 


(Received for publication, October 5, 1956) 


Ascorbic acid-deficient guinea pigs are unable to repair tissue properly 
because of their inability to form new collagen. Upon the administration 
of ascorbic acid this defect is rapidly repaired (1). Among the current 
hypotheses as to the mechanism involved are suggestions that the defect 
in scurvy is associated with the inability to produce the precursors of col- 
lagen or the inability to fibrillate a non-fibrous high molecular weight pre- 
cursor of almost similar composition to collagen. 

Orekhovich and his coworkers (2-4) were able to extract from skin small 
amounts of an acid-soluble protein, the composition of which resembled 
collagen. Since the so called “‘procollagen’”’ was more abundant in young 
animals than in old, and since much less was found to be present in the 
skin of scorbutic guinea pigs as compared with that of normal animals, it 
was assumed to be a precursor. Highberger, Gross, and Schmitt (5) have 
identified an alkali-soluble collagenous material which has been called 
tropocollagen. Both of these collagen type fractions have high contents 
of hydroxyproline, proline, and glycine. Harkness, Marko, Muir, and 
Neuberger (6) have shown that the alkali-soluble fraction incorporates 
isotopically labeled glycine relatively rapidly compared to the acid-soluble 
fraction, making the role of the latter as the major precursor quite improb- 
able. It is supposed (7) that the protofibrils of collagen consist of an ad- 
lineation of tropocollagen particles synthesized by the connective tissue 
cells and aggregated into fibrils in extracellular space. 

Earlier studies of collagen biosynthesis by Stetten and Schoenheimer (8) 
indicated that labeled proline is incorporated into collagen in the form of 
proline and particularly hydroxyproline. Stetten (9) further showed that 
labeled hydroxyproline was not incorporated when fed and concluded that 
the hydroxyproline of collagen is derived from proline. It was suggested 
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that the proline is converted to hydroxyproline after it has been incorpo- 
rated into a peptide or larger molecule. 

It is not improbable that under conditions of ascorbic acid deficiency 
there may be an accumulation of a more primitive precursor than procol- 
lagen or tropocollagen, rich in proline and glycine but free of hydroxypro- 
line. The administration of ascorbic acid might be expected to bring 
about the hydroxylation of the proline. 

Studies of the changes in proline, hydroxyproline, and glycine distribu- 
tion of granulation tissue in regenerating skin of scorbutic guinea pigs, 
before and after administration of ascorbic acid, have been undertaken to 
ascertain whether there is an apparent accumulation of such a precursor 
which disappears after ascorbic acid administration. 

Quantitative studies, to be reported separately, of collagen formation by 
chick fibroblasts grown in roller tubes in media deficient in or completely 
lacking ascorbic acid have been carried out in order to learn whether as- 
corbic acid plays a direct or indirect role in collagen synthesis. Fibroblast 
growth and collagen formation have been found to proceed normally in 
media lacking ascorbic acid. Ascorbic acid in combination with whole 
embryo extract, dialyzed media, or a synthetic mixture of salts, amino 
acids, growth factors, and glucose was found to have no significant effect 
on cell growth or collagen formation. This is in marked contrast to the 
almost total failure of collagen formation in scorbutic animals and suggests 
an indirect role for ascorbic acid in the collagen-producing system. 


Materials and Methods 


Animals—The methods used by Abercrombie et al. (10) for the study of 
collagen formation in wound healing in rats have been somewhat modified 
and applied to the study of collagen formation in normal, scorbutic, and 
ascorbic acid-treated guinea pigs. 

Male guinea pigs weighing 250 to 300 gm. and averaging about 275 gm. 
were placed on a scorbutigenic diet (11) which resulted in signs of scurvy 
within 13 to 15 days, and death generally occurred in 30 to 34 days. Nor- 
mal control animals were fed this diet supplemented daily with 20 mg. of 
L-ascorbic acid given by dropper. After suitable periods, as required by 
the experiment, the animals were prepared as follows under light ether | 
anesthesia: The hair of the intrascapular region was removed and circles 
of skin, 1.6 em. in diameter, were removed on both sides of the mid-line. 
This exposed a fatty pad of tissue beneath the scapulae with several small 
blood vessels on its surface. These vessels were severed to promote good 
clot formation. The edge of the cut area was marked carefully with India 
ink to facilitate later collection of newly formed tissue. 

Collection of Tissue—At various intervals after removal of skin, during 
which time repair had proceeded in so far as possible, certain of the animals 
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were killed and treated in the following manner. The skin was dissected 
from the region containing the newly formed tissue. The scab, if present, 
was discarded and the newly formed connective tissue within the original 
ink-marked area was carefully dissected, care being taken to exclude pre- 
existing collagen. The granulation tissue collected in this manner was 
finely minced in acetone. In many cases, one area was dissected out under 
light ether anesthesia and the animal replaced on a supplemented diet. 
After the desired time, the granulation tissue of the second area was col- 
lected as previously described. 

The finely minced tissue was collected by centrifugation or by decanting 
off the first acetone wash, and then resuspended in acetone for a further 
24 hours. The acetone-dried tissue was then defatted with anhydrous 
ethyl ether. The tissue was transferred to a 13 K 100 mm. tared Pyrex 
tube, dried overnight at 108° in a vacuum oven, and weighed. 

Chemical Methods; Isolation of Collagen—The collagen of the sample 
was converted to soluble gelatin by adding 3 ml. of water to each sample 
tube and autoclaving for 3 hours at a steam pressure of 25 pounds per sq. 
in. The tube was then centrifuged and the extract transferred to a second 
tube. The residue was reextracted with 2 ml. more of water by autoclaving 
as before. The extracts were combined and evaporated to dryness in a 
current of air on a steam bath. Analyses of the residues indicated that 
no significant amount of collagen remains unextracted. 

Hydrolysis of Autoclaved Extract—The autoclave-extractable material 
was hydrolyzed in 6 N HCl in a sealed tube by heating at 150° for 3 hours. 
The hydrolysate was, in cases in which high levels of salt did not later 
interfere, neutralized with the theoretical amount of alkali. Where salt 
was to be avoided, the excess HC] was eliminated by vacuum distillation. 

Hydroxyproline Determinations—These were carried out by the method 
of Neuman and Logan (12) as modified by Martin and Axelrod (13). The 
hydroxyproline value multiplied by 7.46 was taken as a measure of the 
collagen content. With this means for the determination of collagen, it 
must be pointed out that this would include fibrous collagen along with 
any precollagenous substances containing hydroxyproline. 

Proline Determinations—These were carried out both by the method of 
Troll and Lindsley (14), which is based upon the reaction of proline with 
ninhydrin after the removal of other amino acids by adsorption on Permutit, 
and by that of Gould and Shwachman (15) based on the reaction between 
proline and an alkaline nitroprusside-acetaldehyde reagent. Excellent re- 
sults have been obtained for the proline content of gelatin and several 
other proteins by this method. Very good agreement has been obtained 
between the two methods. In most cases, however, the method of Troll 


and Lindsley was employed. 
Determination of Glycine—The method of Alexander et al. (16) based 
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upon the formation of formaldehyde when glycine is heated with ninhydrin 
and the subsequent determination of the formaldehyde by reaction with 
chromotropic acid has been employed. 

Calculations—The hydroxyproline content of collagen has been taken as 
13.4 per cent (12). The proline content was found to be 16.75 per cent, 
or 1.25 & hydroxyproline. The glycine content of collagen has been found 
to average 26.8 per cent (17) or twice the hydroxyproline. It has been 
assumed that no protein other than collagen or some of its precursors con- 
tains hydroxyproline and therefore the tissue content of this amino acid 
X 7.46 is a measure of “‘collagen.’”’ This level of hydroxyproline, when 
multiplied by 1.25, should yield the level of proline and when multiplied 
by 2 should yield the percentage of glycine combined as collagen in the 
tissue. Any excess of proline and of glycine over these calculated quan- 
tities in a sample has been referred to as excess proline and excess glycine 
or non-collagenous proline and glycine. 


Results 


Hydroxyproline Formation in Normal and Scorbutic Guinea Pigs—A group 
of animals was placed on a scorbutigenic diet for 7 days, at which time skin 
circles were removed as described. One group of ten animals (Fig. 1, A) 
was returned to the diet supplemented by 30 mg. of ascorbic acid daily. 
Another similar group had skin circles removed after 14 days on the pre- 
paratory diet and then was replaced on the diet supplemented with ascor- 
bic acid. Curve A, Fig. 1, presents graphically the average values for 
apparent collagen produced, as measured by the hydroxyproline increase, 
during the course of regeneration for both groups of ‘‘normal” animals 


since the results were superimposable. Up to the 4th day after removal of ) 


the skin, there appears to be little, if any, new hydroxyproline formation, 
and it is not unlikely that the collagen found at this time represents an 
infiltration of collagenous material from the periphery of the area. (This 
is borne out by analyses of the scabs which were found to contain 1.5 per 
cent collagen. James (18) reported high hydroxyproline values for fresh 
scabs on relatively small (0.5 cm.) wounds. This may very likely be due 
to collagen infiltrating from the periphery of the wound since, in the present 
study, as the wound size increased less collagen could be found in the scab.) 
Even on the 6th day there was little hydroxyproline formed. During this 
period histological examination indicates that cellular organization pre- 
dominates and that very few fibers are present. However, between the 
6th and the 8th days there was a rapid production of hydroxyproline which 
is accompanied by the histological appearance of fibers. Up through 12 
days of regeneration there was an increase in total hydroxyproline. At 14 
to 15 days, contraction had proceeded to the point where it was practically 
impossible to collect material from within the original marked area. 
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Curve D (Fig. 1) shows the results of periodic determinations of hydroxy- 
proline in regenerating areas in a group of ten animals wounded after 7 
days and maintained on a scorbutigenic diet. Again data obtained from 
animals wounded 14 days after being placed on the diet were found to be 
superimposable. It appears that wounding after withdrawal of ascorbic 
acid from the diet for 7 days or more results in essentially complete im- 


20 [ 
~ 

x< aa 

or B 
uJ 
z 3 A 
aa 
x< a 
a aa 

5 — 
3 t 
oO 
4 8 12 16 20 


DAYS AFTER WOUNDING 

Fic. 1. Hydroxyproline content of the hydrolysates of autoclave-extracted ma- 
terial from granulation tissue of guinea pig skin wounds made 7 or 14 days after with- 
drawal of ascorbic acid from the diet. The hydroxyproline values are multiplied by 
the factor 7.46 to give a measure of apparent collagen. The values plotted refer to 
the per cent present in the dry granulation tissue taken for analysis. Curve A, 
animals replaced on the diet supplemented by 30 mg. of ascorbic acid daily; Curve B, 
animals wounded 7 days after withdrawal of ascorbic acid, maintained on the scor- 
butigenic diet for 12 days, and then given 50 mg. of ascorbic acid; Curve C, animals 
treated as animals in Curve B but wounded after 14 days on preparative diet; Curve 
D, animals maintained on scorbutigenic diet throughout. The arrow indicates the 
point at which ascorbic acid was restored to the animals. 


pairment of hydroxyproline formation. The persistence of the low level 
of hydroxyproline in scorbutic wounds (Curve D) suggests that preexisting 
collagen does not disappear, confirming the observations of Elster (19) and 
of Robertson (20). 

Curves B and C (Fig. 1) present the results of administering, 12 days 
after wounding, 50 mg. of ascorbic acid daily to animals wounded either 7 
(Curve B) or 14 days (Curve C) after withdrawal of ascorbic acid from the 
diet. The animals represented by Curve B, therefore, were on a scorbuti- 
genic diet for 19 days and those by Curve C for 26 days. 
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Within 48 hours after ascorbic acid was administered, the hydroxyproline 
level of the group for Curve B animals had reached that attained by normal 
animals (Curve A) in 8 days. Those of the group for Curve C lag slightly 
and require 6 days to produce a comparable amount of hydroxyproline. 
Correspondingly, as the withdrawal period before wounding is prolonged, 
the recovery period is lengthened. A group of five animals wounded after 
22 days on the scorbutigenic diet and given 50 mg. of ascorbic acid daily 
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DAYS AFTER WITHDRAWAL 
OF ASCORBIC ACID 


Fic. 2. Hydroxyproline content of hydrolysates of autoclave-extracted material 
from granulation tissue of guinea pig skin wounds made at various times after with- 
drawal of ascorbic acid from the diet. Determinations were made in each case 12 
days after wounding. (Each point is the average of data from six or more animals.) 
The hydroxyproline values have been multiplied by the factor 7.46 to give a measure 
of apparent collagen. The values plotted refer to the per cent present in the dry 
graiulation tissue taken for analysis. 


trom the 31 to 39 days produced new tissue containing but 0.84 per cent 
hydroxyproline corresponding to the 6.3 per cent ‘‘collagen.’”? These ani- 
mals had reached what may be referred to as an irreversible state and, in 
addition to being unable to produce collagen, showed no improvement from 
their scorbutic condition. 

The results indicate that, while in normal animals there is an appreci- 
able lag in hydroxyproline formation, scorbutic animals show an almost 
immediate production of hydroxyproline, once ascorbic acid is administered. 
It would appear that either the scorbutic regenerating area is in a state of 
cellular organization that merely requires some effect of ascorbic acid for 
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the synthesis of hydroxyproline or that some non-fibrous precollagenous 
material has been accumulated which is rapidly fibrillated upon the dietary 
administration of ascorbic acid. 

In other experiments (Fig. 2) in which groups of animals were wounded 
0, 2, 4, and 7 days after withdrawal of ascorbic acid from the diet and gran- 
ulation tissue collected 12 days after wounding, it was found that con- 
siderable hydroxyproline was formed when the wounds were made within 
4 days after withdrawal of ascorbic acid, even though no further ascorbic 
acid is administered. This is particularly interesting since it has recently 
been shown by Burns, Dayton, and Schulenberg (21) that the half life of 
labeled ascorbic acid administered to guinea pigs is in the order of 2 to 6 
days and averages 4 days. 

In another experiment, six animals were wounded without having been 
placed on a preparative ascorbic acid-free diet and were given 10 mg. of 
L-ascorbic acid daily for the first 4 days, during which time it is known that 
cellular organization occurs but that no appreciable amount of hydroxy- 
proline is formed (see Fig. 1, Curve A). Ascorbic acid was withdrawn for 
the following 8 days, and the granulation tissue of the area was collected. 
The mean hydroxyproline content was found to be 4.54 (+0.59 standard 
deviation) per cent based on the dry weight of the tissue corresponding to 
an apparent collagen content of 33.9 per cent. It appears, therefore, that 
the administration of ascorbic acid to animals during the period of cellular 
invasion of the wound area results in stimulation of hydroxyproline pro- 
duction. It is noteworthy that the level of hydroxyproline formed in the 
animals wounded less than 4 days after removal of ascorbic acid from the 
diet, and then receiving no further ascorbic acid, was found to be essentially 
the same as that produced by depleted animals in 12 days when ascorbic 
acid is administered throughout the period of regeneration. This is appar- 
ent if Curve A, Fig. 1, is compared with the curve of Fig. 2. 

Amino Acids of Autoclaved Extracts of Normal and Scorbutic Granulation 
Tissue—If a precursor, which can be easily converted to collagen under 
proper conditions, actually accumulates, it might be expected to contain 
high levels of proline and of glycine and should contain little or no hydroxy- 
proline, since no hydroxyproline accumulates during the healing period in 
scorbutic wounds. It might be expected that upon the administration of 
ascorbic acid there would be a decrease in the excess proline, as well as the 
excess glycine concomitant with the appearance of the hydroxyproline. 

In the present investigation, it has been assumed that such a precursor 
might resemble collagen or gelatin sufficiently to be extractable by auto- 
claving in the same way that collagen is extracted by conversion to gelatin. 
Auteclaved extracts of granulation tissue from normal, scorbutic, and as- 
corbie acid-treated guinea pigs have accordingly been analyzed for proline, 
hydroxyproline, and glycine. Because of the difficulties encountered in 
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collecting the entire contents of a regenerating area quantitatively, in al- 
most all cases results have been expressed as the per cent of the amino acid 
based on dry weight of tissue recovered. However, in some instances total 
amounts of the amino acid in the entire regenerating area have been deter- 
mined. 


TABLE I 


Influence of Ascorbic Acid on Distribution of Hydroxyproline, 
Proline, and Glycine in Regenerating Skin 


No. days | | | 
wounding | 
| mg. per cent per cent per cent percent per cent per cent 
2 Ascorbic acid for | 0 6, *2.87 4.87 7.13 | 1.28 | 1.39 | 21.3 
12 days +0.39 +0.49 | +0.91 
4 Ascorbic acid for | 0 3 1.64 4.54 5.40 | 2.49 | 2.12 | 12.2 
days +0.10 | +0.47 +0.05 
Ascorbic acid for | 0 10| 0.88 3.41, 4.40 | 2.31 | 2.64 6.6 
days +0.12  +0.20 | 40.29 
7 Ascorbic acid for 30 9 3.82 4.83 8.55 | 0.05 0.91 | 28.5 
12 days +0.36 +0.40 +1.1 
7  Aseorbie acid for 0 13 2.07 3.95 4.90 1.36 0.76 | 15.4 
12 days; then 30 +0.11 | 40.55 +0.52 
| mg. for 3 days | 
7 | Ascorbic acid for | 0 10 2.20 3.55 4.85 0.80 | 0.45 | 16.4 
12 days; then 50 +0.33 _+0.35 +0.60 
mg. for 3 days | | | 


* All values are expressed as per cent of total dry weight of tissue and the data 
are presented as the mean + its standard deviation. Excess proline or glycine re- 
fers to the non-collagenous proline or glycine calculated on the basis that collagen 
contains 13.4 per cent hydroxyproline, 16.75 per cent proline, and 26.8 per cent gly- 
cine. The apparent collagen is calculated from the hydroxyproline value by multi- 
plying by the factor 7.46. 


The results of determinations of proline, hydroxyproline, and glycine in 
the granulation tissue of several groups of animals treated in a variety of 
ways are given in Table I. Results of other experiments to determine the 
levels of these amino acids at various intervals after the administration of 
ascorbic acid are shown in Figs. 3 and 4. From an examination of Fig. 3, 
it appears that the administration of ascorbic acid resulted in no immediate 
appreciable decrease in per cent total proline. This is also borne out by 
the data obtained from other animals wounded after 7 days on the deficient 
diet and treated as indicated in Table I. The fact that there is not a sharp 
decrease in the per cent total proline in the wound extract does not imply 
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that there is not a decrease in the total proline of the entire wound area. 
In view of the strong contraction that accompanies healing, it is not un- 
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Fie. 3. Proline and hydroxyproline content of autoclaved extracts of granulation 
tissue from guinea pigs restored to ascorbic acid (50 mg. per day) 12 days after having 
been wounded after 7 days on a preparatory scorbutigenic diet. The curve for ex- 
cess proline is calculated. The values plotted refer to the per cent present in the dry 
granulation tissue taken for analysis. The points represent values from one or two 
animals in each case. The arrow indicates the point at which ascorbic acid was 
restored to the diet. 


TABLE II 
Total Amino Acid in Whole Wound Area 


| 14 days after wounding 


Y Y Y 
Hydroxyproline............ 38 98 | +60 
Excess proline................ 180 65 | —115 
192 89 | — 103 
Total proline................ 230 | 180 | — 50 
268 | 284 | +20 
még. | mg. | meg. 
Dry weight of tissue......... | 7.6 | 5.3 | —2.3 


* Animals wounded after 7 days on deficient diet and maintained for a further 12 
days on same diet. 


likely to find the per cent total proline actually increased somewhat, as 
illustrated in Table II. From Fig. 3, it is evident that with the increase 
in hydroxyproline there was a drop in the excess proline. Similar changes 
were observed in other groups of animals (Table I). This would appear 
to be a presumptive indication that proline-containing material from the 
wound area was converted to “‘collagen.”’ 
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The data presented in Fig. 4 suggest that an analogous phenomenon is 
involved with respect to glycine where, upon the administration of ascorbic 
acid to deficient animals, there was a drop in the excess glycine in the first 
few days. The data in Table I obtained in other experiments emphasize 
this point. It has been found, however, that the initial drop in excess 
glycine is frequently followed by an increase in non-collagen glycine as 


healing proceeds. 
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Fic. 4. Glycine and hydroxyproline content of autoclaved extracts of granulation 
tissue of guinea pigs restored to 30 mg. per day of ascorbic acid 12 days after wound- 
ing and wounded after 7 days on a preparatory scorbutigenic diet. The curve for 
excess glycine is calculated. The values plotted refer to the per cent present in the 
dry granulation tissue taken for analysis. The points represent values from one or 
two animals in each case. The arrow indicates the point at which ascorbic acid was 


restored to the diet. 


Total Proline, Hydroxyproline, and Glycine in Scorbutic Wounds and in 
Wounds after Ascorbic Acid Administration—In a few cases the total amino 
acid per wound was determined in order to prepare a balance of the changes 
that accompany ascorbic acid administration and collagen formation. One 
such example is given in Table II. 

It is evident that there was a loss in weight of material in the area due to 
a macroscopically observable contraction of the wound. The amount of 
hydroxyproline doubled while the per cent hydroxyproline on a dry weight 
basis tripled. Total proline dropped, while total glycine increased some- 
what. The non-collagenous proline dropped in an amount twice the hy- 
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droxyproline increase. If a correction is made for the slight increase in 
glycine due to synthesis, the change in excess glycine is also twice the in- 
crease in hydroxyproline. 

Were the non-collagenous or excess amino acids present to some extent 
in the form of a collagen ‘‘precursor,’’ the excess glycine would be expected 
to drop about twice as much as the hydroxyproline increase, since the ratio 
of these amino acids in collagen is 2:1. The excess proline drop should 
also be about twice the hydroxyproline increase. Slightly more than | 
mole of proline is required for each new mole of hydroxyproline in the 
collagen molecule, and 1 mole of proline are probably required for the syn- 
thesis of each new mole of hydroxyproline (9). 

The data agree with the postulated requirements. 60 y of hydroxy- 
proline are accompanied by a 50 y loss in total proline and a loss of 115 y 
in excess proline. The former might be associated with the synthesis of 
new hydroxyproline and the remaining 65 y (115 to 50 y) are associated with 
this hydroxyproline in the new collagen molecule. The total decrease in 
non-collagen glycine is equal to 103 y plus 20 y of new glycine formed or 
123 y. 

Nature of Non-Collagenous Proline—Determination of the free proline 
content of normal and scorbutic wound tissue indicated that there were no 
significant differences and that less than 2 per cent of the total proline is 
present as the free amino acid. A separate communication will deal with 
the fractionation of granulation tissue. However, it can be reported that 
partial fractionation of the autoclaved extracts by precipitation of non- 
gelatinous components with trichloroacetic acid, followed by precipitation 
of gelatin-like material with tannic acid, indicates that practically all of 
the proline can be recovered in these two fractions, and therefore the non- 
collagen proline is probably present as a material of high molecular weight. 


SUMMARY 


_ Skin regeneration in normal and scorbutic guinea pigs has been studied 
by quantitative determinations of proline, hydroxyproline, and glycine in 
hydrolyzed autoclaved extracts of the granulation tissue. 

Considerable hydroxyproline formation, which has been taken as a meas- 
ure of collagen formation, occurs in wounds of previously undepleted ani- 
mals, even though maintained on a scorbutigenic diet. Animals depleted 
of ascorbic acid for 4 days show considerable impairment, and 7 day deple- 
tion results in almost complete cessation of hydroxyproline formation. 
Impaired hydroxyproline formation appears to be one of the earliest mani- 
festations of the withdrawal of ascorbic acid. 

Depleted animals restored to ascorbic acid at the time of wounding pro- 
duce the bulk of hydroxyproline between the 6th and 8th days after wound- 
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ing. Similar animals maintained on the scorbutigenic diet produce no 
hydroxyproline, but when ascorbic acid is administered to such animals 
10 to 12 days after wounding, they produce relatively large amounts within 
24 to 48 hours. 

Rapid hydroxyproline production in such scorbutic animals upon the 
administration of ascorbic acid may be due to the conversion of an accumu- 
lated pool of protein material, rich in proline and glycine, to a more imme- 
diate collagen precursor rich in hydroxyproline, since the appearance of 
hydroxyproline is accompanied by a concomitant decrease in the non- 
collagenous proline and glycine of the granulation tissue. 
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SORBITOL DEHYDROGENASES IN 
ACETOBACTER SUBOXYDANS* 


By JOSEPH T. CUMMINS, VERNON H. CHELDELIN, anv TSOO E. KING 


(From the Department of Chemistry and the Science Research Institute, 
Oregon State College, Corvallis, Oregon) 


(Received for publication, October 8, 1956) 


It has previously been shown that cell-free extracts of Acetobacter sub- 
oxydans possess two pathways for the oxidation of sorbitol (1). In the 
presence of DPN, fructose is produced; with TPN, sorbose is formed. 
The primary purpose of this paper is to describe the separation of these 
two dehydrogenases from each other. The DPN enzyme free from TPN 
activity has been concentrated about 16-fold, whereas the TPN enzyme 
is fragile and apparently destroyed during fractionation. 


EXPERIMENTAL 


The A. suboxydans cells were grown on sorbitol and harvested according 
to procedures reported previously (1, 2). Protein was determined turbidi- 
metrically by treatment with trichloroacetic acid. Suspended fresh cells 
were disintegrated in the 10 ke. Raytheon magnetostrictive oscillator (3). 

Materials—DPN, 95 per cent, and TPN, 90 per cent, were products of 
the Sigma Chemical Company. The other compounds were used as ob- 
tained commercially. 

Assay Method—All routine assays were made at room temperature in a 
Beckman spectrophotometer, model B, with 1 sq. cm. Pyrex cuvettes. 
The following assay system was used: 100 wmoles of MgCle, 60 umoles of 
Tris buffer, pH 8.5, 0.5 mg. of DPN or TPN, and an appropriate amount 
of enzyme. ‘The total volume was 2.9 ml. 10 uwmoles of sorbitol in 0.1 
ml. were used to initiate the reaction. The system described might not 
be optimal for the enzymic activities. Although the linearity of activity 
with respect to enzyme concentration was not established for crude ex- 


* Supported by grants from the Nutrition Foundation, Inc., and the Division of 
Research Grants, National Institutes of Health, United States Public Health Service. 
Published with approval of the Monographs Publications Committee, Research 
paper No. 313, School of Science, Department of Chemistry. This paper is taken 
from the dissertation for the degree of Doctor of Philosophy of Joseph T. Cummins, 
Oregon State College, 1957. Present address, University of California, Berkeley. 

1The following abbreviations are used throughout this paper: CFE, cell-free 
extract or the supernatant fraction of disintegrated cells; DPN, diphosphopyridine 
nucleotide; TPN, triphosphopyridine nucleotide; TTZ, triphenyltetrazolium chlo- 
ride; TTZH, reduced TTZ (formazan); Tris, tris(hydroxymethyl)aminomethane. 
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tracts, it was strictly linear after the heat purification step. Thus the 
enzymic activity in the first few fractions was obtained by extrapolating 
the observed values to zero concentration of the enzyme. 

A unit of enzyme activity is defined as that amount which, during the 
first 2 minutes, causes a change of 0.001 optical density unit per minute. 
Specific activity is expressed as units per mg. of protein. 

Electron Transfer—Experiments with oxygen as the final electron accep- 
tor were performed by means of conventional Warburg manometry, and 
those employing TTZ' were carried out as described previously (4). 


RESULTS AND DISCUSSION 


Purification of DPN-Sorbitol Dehydrogenase—11 gm. of fresh cells (dry 
weight) were suspended in 105 ml. of water and treated in a 10 ke. Ray- 
theon sonic disintegrator in 20 ml. batches. The cup was cooled with tap 
water and the sonic treatment carried out for 45 minutes, with 5 minute 
intervals of vibration and cooling. Subsequent steps were performed at 
0-4°, unless otherwise indicated. The solid in the disintegrated mixture 
was removed by centrifugation at 25,000 * g for 90 minutes. 

The supernatant fraction (CFE)* (88 ml.) was dialyzed for 9 hours against 
60 per cent saturated ammonium sulfate (3 liters), adjusted to pH 7. The 
very viscous suspension which resulted was centrifuged and the precipitate 
was dissolved in 75 ml. of water, dialyzed against 3 liters of 40 per cent 
ammonium sulfate for an additional 8 hours, and then restored to its orig- 
inal volume with 40 per cent ammonium sulfate. This mixture was centri- 
fuged and the supernatant fluid dialyzed against water until it was free 
from sulfate. 

To the dialyzed liquid from the preceding step, sorbitol and DPN were 
added to 50 per cent and 0.05 per cent concentration, respectively. This 
mixture was heated at 52° for 3.5 minutes on a water bath, then immedi- 
ately cooled, and subsequently dialyzed until the enzyme activity showed 
no sorbitol remaining. The precipitated protein was centrifuged and dis- 
carded. 

35 ml. of the liquid from the above step were dialyzed against 1 liter of 
50 per cent ammonium sulfate for 8 hours. The precipitate was centrifuged 
and discarded and the supernatant fraction dialyzed against tap water 
until free from sulfate. A summary of the specific activities is presented 
in Table I. No attention was paid to yields. 

Study of Heat Denaturation—Table II summarizes conditions which pro- 
tect the DPN-sorbitol dehydrogenase in the heat denaturation step. High 
concentrations of a polyhydroxy compound and a pyridine nucleotide 
appear necessary to prevent denaturation of the enzyme. It is interesting 
to note that TPN was also active in the protection against heat denatura- 
tion. TPN was not an inhibitor of the DPN-sorbitol dehydrogenase. 
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Application of the heat denaturation method in the presence of polyhy- 
droxy compounds and coenzymes for the purification of other enzymes, 
such as alcohol and isocitric dehydrogenase from bakers’ yeast, and alcohol, 


TABLE I 
_ Purification of DPN “Sorbitol ydrogenase from A. ydans” 


Fraction Specific activity 


| units per mg. 


Ist (NH4)2SOx | 140* 


* Corrected for non-linearity by extrapolation of ohmeeved values to zero concen- 
tration of enzyme. Assay system described in the text. 


TABLE II 


Effect of Polyhydric Alcohols and Pyridine Nucleotides on Heat Denaturation of 
DPN-Linked Sorbitol Deh ydrogenase 


Addition | Specific activity, units per mg. 
Crude cell extracts (unheated)......................... | 30* 


| 0 

0 


| 


50% sorbitol + 0.05% DPN............................] 165 
96 
50% mannitol + 0.05% DPN............................ | 80 
50% | 52 
507, sucrose + 0.05% 63 
50% glycerol + 0.05% DPN............................. | 90 


The above compounds were added to the enzyme + aelation ond this saintine: was 
heated to 52° for 3 minutes. The resulting solution was cooled, dialyzed against 
water for 24 hours, and the denatured protein discarded after centrifugation. The 
specific activity was determined by the method described in the text. 

* Ixtrapolated to zero concentration of enzyme. 


acetaldehyde, mannitol, and glycerol dehydrogenases from A. suboxydans, 
was not successful. 

Properties of DPN-Sorbitol Dehydrogenase and TPN-Sorbitol, Dehydro- 
genase—The TPN-sorbitol dehydrogenase was relatively unstable, and 
most experiments resulted in losses in activity. Studies on this enzyme 
were performed with crude cell-free extracts. 
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TABLE III 
Effects of Sulfhydryl Reagents on DPN-Sorbitol Dehydrogenase from A. subozydans 


Inhibitor | Concentration | Per cent inhibition 
| | 
p-Chloromercuribenzoate | 1 & 10-6 | 0 
| 5 1076 | 7 
2X 1075 26 
1 10-4 30 
lodosobenzoate 1 xX 10-4 | 0 
5 X 1078 49 
1 X 107? 
1 xX 1074 26 
1 10-3 100 
1 X 10°? 100 
CuSO, | xX 1074 21 
1X 10°3 49 


The assay system is described under ‘‘I¢xperimental.’’ 


TABLE IV 
Oxidation of Sugar Alcohols and Other Substrates Catalyzed by Whole Cells, CFE, and 
Purified DPN-Sorbitol Dehydrogenase of A. suborydans 


Whole cells CFE 
| 

| patoms oxygen ywmole TTZH Specific activity, 

_ umole substrate umole substrate units per mg. 
0 | 0 0 
0.83 0 0 


A, each vessel contained 50 pmoles of MgCle, 0.2 umole of DPN, 5 umoles of sub- 
strate, 100 zmoles of phosphate buffer, pH 6.0; 20 mg. (dry basis) of fresh cells. Total 
volume, 3.0 ml.; atmosphere, air; temperature, 29°; time, 5 hours. 

B, each tube contained 2 wmoles of substrate, 0.1 umole of TPN, 50 uwmoles of 
MgCl., 100 wmoles of Tris buffer, pH 8.5, 10 wmoles of T'TZ, and 0.2 ml. of CFE. 
‘Total volume, | ml.; temperature, 29°; time, 4 hours. 

C', ussay system same as described in the text, except that 2 wmoles of substrate 
were added and the reaction was initiated with 0.5 ml. of DPN, 1 mg. per ml. 

* Kindly supplied by Dr. C. Hf. Wang. 

+t Values reported previously (5). 

t Donated by General Aniline and Film, Ine. 
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The pH optimum of the DPN and TPN enzymes occurred at about the 
same values (8.0 to 8.5), but the range of activity for DPN-sorbitol dehydro- 
genase was much broader. Stimulation of the activity of both enzymes 
was obtained with Mg** or Mn++, but not with Zn++ or Catt. 

The effects of sulfhydryl reagents on purified DPN-sorbitol dehydro- 
genase are shown in Table III. High concentrations of these inhibitors, 
especially p-chloromercuribenzoate and HgCl., were required for significant 
inhibition. This may be due to their preferential combinations with pro- 
tein impurities. 

Table IV reveals the specificity of the DPN-linked dehydrogenase toward 
various substrates. Whole cells are known to attack all those compounds 
except dulcitol, but the purified enzyme preparation is active toward none 
of the naturally occurring substrates under the conditions tested. 


TABLE V 
Comparison of Activities of DPN and TPN Enzymes on Mannitol and Sorbitol* 


Specific activity 


Fraction Sorbitol, units per mg. | Mannitol, units per mg. 
TPN DPN TPN DPN 
Ist (NH4)2SO,q fraction............... 8 65 0 
After heat purification... | 0) 3300 0 


* Assayed by procedure given under ‘‘Materials’”’ and ‘‘Assay method.”’ 


Mannitol was found to be oxidized as extensively as fructose by whole 
cells (8.7 atoms of oxygen per molecule of substrate). This appears rea- 
sonable in view of the reported conversion of mannitol to fructose by this 
organism (6). 

Table V compares the specificities of the TPN and DPN enzymes in 
the three fractions with respect to the oxidation of mannitol and sorbitol. 
Mannitol oxidation, unlike that of sorbitol, is completely TPN-specific 
and shows a higher specific activity than TPN-sorbitol dehydrogenase. 

It is evident from the data presented that two separate sorbitol dehydro- 
genases are present in the soluble fractions from A. suborydans. The apo- 
enzymes as well as the coenzymes differ, and both are distinct from the 
particulate sorbitol dehydrogenase in this organism, which does not require 
pyridine nucleotide for its activity (7). 


SUMMARY 


Diphosphopyridine nucleotide (DPN)-linked sorbitol dehydrogenase has 
been separated from the corresponding triphosphopyridine nucleotide- 
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linked enzyme in Acetobacter suboxydans with the former being purified 
approximately 16-fold. Heating of the DPN enzyme in the presence of 
both the substrate and pyridine nucleotide proved useful in purification, 
due to preferential denaturation of other proteins present in the extract. 
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THE STEREOSPECIFIC HYDROGEN EXCHANGE IN THE 
DIHYDROOROTIC DEHYDROGENASE REACTION * 


By JOHN L. GRAVES ann BIRGIT VENNESLAND 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, November 6, 1956) 


The application of deuterium as a tracer to the study of a number of 
DPN!-linked dehydrogenase reactions has shown that the enzymatic oxida- 
tion of both alcohol and aldehyde substrates involves a direct and stereo- 
specific transfer of hydrogen between substrate and DPN (1-4). This 
paper presents the results of an effort to extend these studies to an enzyme 
with a different type of substrate from an alcohol or aldehyde. At the 
time this work was started, dihydroorotic dehydrogenase was the only 
DPN-linked enzyme hitherto described which catalyzed a reversible oxida- 
tion and reduction of a carbon to carbon double bond, and which had been 
purified and characterized sufficiently to make a study of the reaction mech- 
anism feasible (5). The reaction catalyzed by this enzyme is shown in 
Equation 1. The results show that, unlike those catalyzed by alcohol and 


HN—C=0 HN—C=0 
O=C CH. + DPN* CH + DPNH + Ht (1) 
HN—C—H 
COOH COOH 


aldehyde dehydrogenases, the reaction catalyzed by dihydroorotic dehydro- 
genase does not involve any appreciable direct transfer of hydrogen between 
substrate and DPN, though the reaction is sterically specific for DPN. 


* Supported by grants from the National Science Foundation, from the National 
Institutes of Health, United States Public Health Service, and from the Dr. Wallace 
C. and Clara A. Abbott Memorial Fund of the University of Chicago. The material 
in this paper is taken from a thesis submitted by John IL. Graves in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy under the Committee on 
Biophysics, the University of Chicago. 

t Predoctoral Fellow of the United States Public Health Service, 1951-54. Pres- 
ent address, Department of Agricultural Biochemistry, University of California, 
Berkeley, California. 

1The following abbreviations are used: DPN, diphosphopyridine nucleotide; 
DPN*, specifically, oxidized DPN; DPNH, reduced DPN; DPND, reduced DPN con- 
taining D in the reduced or para position of the nicotinamide ring; a-DPND, the 
stereoisomer of DPND obtained by reduction of DPN with ethanol-1,1-d. in the 
presence of veast alcohol dehydrogenase; 8B-DPND, the other diastereomer of DPND; 
and a,8-DPND, a mixture of the diastereomers. 
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Materials and Methods 


Isolation of Dihydroorotic Dehydrogenase—Dihydroorotic dehydrogenase 
was prepared from Zymobacterium oroticum? by the procedure of Lieberman 
and Kornberg (5). The bacteria were grown at 30° on a medium (6) con- 
sisting of 1 per cent Tryptone, 0.05 per cent Difco yeast extract, 0.0128 m 
potassium orotate, 0.05 per cent sodium thioglycolate, and 0.05 m potassium 
phosphate buffer of pH 7.4. The cells were grown in large flasks without 
an anaerobic seal, harvested with a Sharples supercentrifuge, suspended 
in water, and disintegrated in a sonic oscillator for 30 minutes at 4°. The 
suspension was centrifuged free from cell debris, which was rinsed once 
with water, and the combined supernatant solutions were diluted to 20 ml. 
per liter of culture medium. 2.5 ml. of 1 per cent protamine sulfate solu- 
tion per gm. of wet weight of cells were slowly stirred into the combined 
supernatant fraction. After 10 minutes, the precipitate of the nucleic acid 
and the enzyme were centrifuged. The pellet from 10 or 12 liters was sus- 
pended in 100 ml. of 0.5 mM sodium citrate buffer of pH 6.0, and then diluted 
with 200 ml. of H,O. The nucleic acid precipitate was centrifuged off 
immediately and the enzyme remained in the supernatant solution. The 
enzyme was further purified by an ammonium sulfate precipitation at pH 
6.0 and a second precipitation at pH 4.2, performed according to the direc- 
tions of Lieberman and Kornberg (5). The final enzyme solution was 
clear and colorless. 

The enzyme was assayed by the procedure of Lieberman and Kornberg 
(5), in which the decrease of the light absorption at 280 my (7) which ac- 
companies the reduction of orotic acid to dihydroorotic acid is utilized. 

Orotic Acid-2-C'*— Radioactive orotic acid was synthesized from urea-C 
and diethyl oxalacetate (7). The intermediate 5-(carboxymethylidene)- 
hydantoin was prepared according to Miiller (8), except that absolute 
ethanol instead of glacial acetic acid was used as the solvent. 600 mg. 
of urea-C'* (containing approximately 0.05 mc. of C'*) and 1800 mg. of dry 
diethy! oxalacetate were dissolved in 10 ml. of absolute ethanol and refluxed 
for 2 hours with dry HCl bubbling through the solution. The ethanol 
was removed under reduced pressure and the HC] was removed in vacuo 
over NaOH. The product (carboxymethylidine)hydantoin was recrystal- 
lized from water, and 750 mg. were converted to orotic acid-2-C™ by being 
heated in 20 ml. of 1 m KOH at 64° for 2 hours (9). The course of the re- 
arrangement and hydrolysis was determined by examination of the ultra- 
violet absorption. Orotic acid was precipitated by acidification and cooling 
and was recrystallized from water. The product had a specific activity of 
3000 ¢.p.m. per micromole, and the over-all yield from urea was about 30 
per cent. 


2 We are indebted to Dr. A. Kornberg for a culture of this organism. 
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Dihydroorotic Actd—The natural isomer of dihydroorotic acid was synthe- 
sized from N“*-carbethoxy-L-asparagine (10) according to Miller eé al. 
(11). It was recrystallized from water; m.p. 268° (decomposed). The 
identity of this synthetic dihydroorotic acid was confirmed by demonstrat- 
ing that it was oxidized by the dihydroorotic dehydrogenase preparation 
to a compound with the absorption spectrum of orotic acid. 

Isolation of Dihydroorotic Acid—Dihydroorotic acid was isolated from 
enzyme reaction mixtures by chromatography on a Dowex 1 column, for- 
mate form, as described by Lieberman and Kornberg (5). Since orotic 
acid-C' was used in the enzyme reactions, the dihydroorotic acid formed 
from it was detected and measured by determination of the radioactivity. 
After isolation in solid form (5), the dihydroorotic acid was purified by 
vacuum sublimation at 180-220°. The sublimed compound melted sharply 
at 268° with decomposition. Prior to analysis for deuterium, the enzy- 
matic reduction product was diluted by weight with a suitable amount of 
synthetic dihydroorotic acid. The sample was thoroughly mixed by crys- 
tallization from water. 

DPN and Related Compounds—DPN (Pabst Laboratories) was estimated 
quantitatively by the alcohol dehydrogenase reaction (12). The enzyme 
was purchased from the Nutritional Biochemicals Corporation. DPNH 
was prepared from DPN+ by enzymatic reduction with ethanol in the 
presence of alcohol dehydrogenase, and was isolated as the tris(hydroxy- 
methyl)aminomethane salt (13). 

Neurospora DPNase (14) was used to split DPN into nicotinamide and 
adenosine diphosphate ribose. The amount of nicotinamide formed in 
this reaction is equivalent to the decrease in DPN determined by enzy- 
matic assay. For deuterium analysis, the nicotinamide was diluted with a 
suitable amount of unlabeled nicotinamide and isolated by continuous ex- 
traction of the reaction mixture with benzene for 8 hours. The solution 
was concentrated to 10 ml. volume. The nicotinamide which crystallized 
on cooling was filtered off and dried; m.p. 129°. 

a,8-DPND was prepared by reduction of DPN by sodium hydrosulfite 
in 100 per cent D,O (15). The yield was improved by conducting the 
ethanol precipitation and the subsequent centrifugation at —20°. An 85 
per cent vield of enzymatically active material was obtained. 

a-DPND was prepared from DPN?* by enzymatic reduction with 1, 1’- 
dideuterioethanol and yeast alcohol dehydrogenase (13, 16). One sample 
of 8B-DPND was prepared by enzymatic reduction of DPN* with glucose-1-d 
in the presence of glucose dehydrogenase’ (3, 17). Another sample was 
prepared by reducing nicotinamide-4-d-DPN* with unlabeled ethanol in 
the presence of alcohol dehydrogenase. The nicotinamide-4-d-DPN*+ was 


>We are indebted to Dr. H. R. Levy for « gift of this preparation. 
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prepared by oxidation of a,8-DPND with ferricyanide (18). The amount 
of deuterium present in the a position of DPND was determined by meas- 
uring the amount of deuterium transferred from the DPND to lactate in 
the lactic dehydrogenase reaction (3, 19). The deuterium present in the 
8 position of DPND was determined by analyzing the nicotinamide ob- 
tained from the DPN+ which had been formed by enzymatic oxidation of 
the DPND with pyruvate (3). 

Isotope Analysis—For the determination of deuterium, compounds were 
converted to hydrogen gas as described by Graff and Rittenberg (20), and 
the HD: Hy, ratios were determined with a Consolidated-Nier isotope ratio 
mass spectrometer (21). C'‘-containing samples were plated as thin dry 
layers on aluminum planchets and measured in a gas flow counter. 


Procedure and Results 


Exchange of Hydrogen—The equilibrium of the reaction catalyzed by 
dihydroorotic dehydrogenase (Equation 1) is far toward the side of dihy- 
droorotic acid and DPN*+. All enzyme experiments were therefore per- 
formed by carrying out the reaction in this direction, 7.e. by reducing orotic 
acid. To determine whether hydrogen is transferred from reduced DPN to 
dihydroorotic acid, the reduction of orotic acid was carried out with DPND. 
Three separate experiments were performed with a,8-DPND, a-DPND, 
and B-DPND, respectively. In each case the dihydroorotie acid formed 
was isolated as described under ‘‘Materials and methods,” diluted with a 
‘suitable amount of unlabeled dihydroorotic acid, and analyzed for deute- 
rium. The results (Experiments | to 3, Table I) show that there was no 
detectable excess deuterium in the dihydroorotic acid. Special precautions 
were taken with the deuterium analyses of Experiments 2 and 3 to obtain 
maximal possible accuracy. The values could not be distinguished from 
normal isotope abundance. 

These results imply that the enzymatic reduction of orotic acid occurs 
by a mechanism which involves exchange with the hydrogen ions of the 
medium. The extra hydrogen at C-4 (which is an asymmetric carbon 
atom) can certainly not be derived from the reduced DPN. There was a 
possibility, however, that the deuterium was transferred to the methylene 
carbon atom (C-5) of orotic acid and then exchanged by enolization before 
or during the isolation procedure. To determine the extent to which deu- 
terlum might be lost, another experiment (Experiment 4, Table I) was 
carried out in which orotic acid was reduced with unlabeled DPNH in a 
medium of 95 per cent D,O. The dihydroorotic acid was isolated under 
the same conditions as those employed in Experiments 1 to 3. All the 
readily exchangeable deuterium was removed by careful washing. As 
shown in Table I, the dihydroorotic acid contained 1.50 atoms of deuterium 
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per molecule. The sample was crystallized from water and analyzed again, 
to give 1.44 atoms of deuterium per molecule, showing that the recrystal- 


TABLE I 
Deuterium Incorporation into Dihydroorotic Acid 


| Dihydroorotic acid* 
Experi- Medi | | 
ment No. Amount Dilution Atom per ‘Atoms D per 
isolated factor molecule 
1 a,8-DPND | 3.00 34.0 | 0.001 0.002 
2 a-DPND | “a | §.27 20.2 0.0006 0.001 
3 B-DPND | 19.3 0.0005 0.001 
4 DPNH 9%D:0 1.27 101 0.248 1.50 
5 | 99.5% DLO 11.26 40.5 0.002 0.005 
6 | 99.5% “ | 1.44 38.2 0.409 0.936 | 


The reaction mixtures of Experiments 1 to 4 all contained 0.005 m magnesium 
chloride, 0.033 mM potassium phosphate, pH 6.1, and 0.006 mM sodium thioglycolate. 
The course of each reaction was followed by measuring the decrease of light absorp- 
tion at 280 and 340 mu caused by the decrease in the concentrations of orotic acid 
and DPNH, respectively. In Experiment 1, 20 ml. of the reaction mixture contain- 
ing 115 uwmoles of a,8-DPND, 80 umoles of orotate-C', and 210 units of enzyme were 
incubated under helium for 70 minutes at room temperature. Experiment 2 was 
identical with Experiment 1, except that 70 wmoles of a-DPND and 120 units of 
enzyme were incubated for 100 minutes. Experiment 3 was identical with Experi- 
ment 2, except that 60 wmoles of 6-DPND were used instead of a-DPND. The 
8-DPND was synthesized by reducing DPN with glucose-l-d as described in the 
text. In Experiments 2 and 3, all of the DPND was oxidized. In Experiment 4, 40 
umoles of orotate-C', 60 umoles of DPNH, and 60 units of enzyme were incubated 
in 15 ml. of 95 per cent D.O for 180 minutes. The D,O was removed by lyophiliza- 
tion, and the residue dissolved in HO. The dihydroorotic acid was isolated as 
described under ‘‘Materials and methods,’’ diluted with a weighed amount of un- 
labeled dihydroorotic acid, and analyzed for deuterium. In Experiment 5, 2 mg. of 
dihydroorotic acid were dissolved in 99.5 per cent D.O and heated at 75° for 8 hours, 
after which the solution was lyophilized. In Experiment 6, 2 mg. of dihydroorotic 
acid were dissolved in 99.5 per cent D2O. The solution was adjusted to pH 7 with 
solid K2CO;, and heated at 95° for 40 minutes. The solution was then lyophilized 
and the solid dissolved in sufficient dilute HCI to give a pH of 3.0. In each case the 
rapidly exchangeable deuterium was washed out by twice dissolving in H2O and 
again lyophilizing. The dihydroorotic acid was diluted by weight with a suitable 
amount of unlabeled carrier and then analyzed for deuterium. 

* Theory for 1 atom of D per molecule = 16.7 atom per cent excess. Sample 
calculation, Experiment 6: 0.409 X 38.2/16.7 = 0.936. 


lization procedure did not lead to any appreciable loss of deuterium. If 
there is no direct transfer of hydrogen from DPNH, then the dihydroorotic 
acid must acquire a minimum of 2 atoms of hydrogen (or deuterium) from 
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the medium. As noted previously, one of these (at C-4) should not ex- 
change with water, but the other (at C-5) may exchange by enolization. 
The fact that 1.5 atoms of deuterium were found in the dihydroorotic acid 
shows, however, that not all of the C-5 hydrogen exchanged during the 
isolation procedure. The fact that less than 2 atoms of deuterium was 
found may be explained partly by the fact that the reaction was run in a 
medium of 95 per cent instead of 100 per cent D.O and partly by a slow loss 
of deuterium through enolization. ‘This experiment shows that, if 1 atom 
of deuterium had been transferred to dihydroorotic acid from a- or B-DPND 
(Experiments 2 and 3), about half of it should have been found in the di- 
hydroorotic acid. A reasonable estimate from the results of Experiments 
1 to 4 permits the conclusion that less than 1 per cent of 1 atom of deuterium 
could possibly have been transferred from a- or B-DPND to dihydroorotic 
acid. (The accuracy of the results of Experiments 1 to 3 was +0.002 
atom of D per molecule.) 

Control Experiment 5 showed that only a negligible amount of deuterium 
exchanges into the acid form of dihydroorotic acid, even upon prolonged 
heating. Experiment 6, another control experiment, showed that heating 
for 40 minutes at pH 7.0 led to the incorporation of almost 1 atom of deu- 
terium per molecule of dihydroorotic acid. The conditions of this experi- 
ment were far more drastic than any employed in Experiments 1 to 4. 
The result of Experiment 6 shows, however, that some exchange of hydro- 
gen may be expected at a neutral pH and is thus in agreement with the 
result of Experiment 4, which indicated that a slow loss of deuterium had 
probably taken place from the C-5 position of dihydroorotic acid. 

Steric Specificity for DPN—The steric specificity of dihydroorotic de- 
hydrogenase for DPN was determined by measuring the deuterium left in 
the DPN*+ formed by the oxidation of a- and B-DPND, respectively. After 
the DPND had been completely oxidized by orotate, the DPN*+ formed 
was hydrolyzed to nicotinamide, which was isolated by benzene extraction 
and analyzed for deuterium after suitable dilution with unlabeled nicotina- 
mide. In Table Il appear the results obtained in one experiment with 
a-DPND and two separate experiments with 6-DPND. These results 
show that D is essentially completely removed from the a position of 
DPND, whereas the D present in the 8 position of DPND is completely 
retained. In Experiment 2 with a-DPND, and Experiment 7 with ,- 
DPND, determinations were made of the deuterium content of the nico- 
tinamide obtained from the DPN*+ formed by oxidation of the DPND by 
pyruvate in the presence of lactic dehydrogenase. Within the limits of 
experimental error, the deuterium contents of the nicotinamide samples 
were the same after oxidation by orotate on the one hand and by pyruvate 
on the other. Therefore, the steric specificity of the dihydroorotic dehy- 
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drogenase must be the same as that of lactic dehydrogenase; 7.c., dihydro- 
orotic dehydrogenase has @ specificity for DPN. 


TABLE II 
Steric Specificity for DPN 
| 


| Nicotinamide 


Experiment No. | Reductant | 
| Amount isolated | Dilution factor /|Atom D per molecule 
2 a-DPND 7.46 | 31.0 0.012* 
3 8B-DPND 5.75 | 30.6 0.57 
7 | 4.36 | 47.1 0.565 


Ixperiments 2 and 3, same asin Table I. 8-DPND of Experiment 3 was prepared 
by reducing DPN with glucose-l-d as described in the text; DPN was about two- 
thirds reduced. The glucose dehydrogenase was heat-coagulated and removed by 
centrifugation, and the solution, containing a mixture of B-DPND and DPN?*, was 
used directly for Experiment 3. Experiment 7, similar to Experiments 2 and 38, 
except that 50 umoles of orotate-C', 37 umoles of B-DPND, and 90 units of dihydro- 
orotic dehydrogenase were incubated in a volume of 10 ml. until 36 wmoles of the 
B-DPND had been oxidized. The 6B-DPND used had been prepared by chemical 
reduction of DPN* in D.O and chemical reoxidation of the a,8-DPND with ferri- 
cyanide (18), followed by enzymatic reduction by ethanol in presence of yeast alcohol 
dehydrogenase. It contained 0.56 atom of D in the 6-reduced position, as deter- 
mined by analysis of the nicotinamide from the DPN* formed by enzymatic oxida- 
tion with pyruvate (in good agreement with the results of Pullman etal. (18)). The 
agreement between the actual deuterium contents of the nicotinamide samples from 
Experiments 3 and 7 is fortuitous. In Experiment 3, the nicotinamide was diluted 
by nicotinamide obtained from unlabeled DPN* introduced with the B-DPND. 

* The a-DPND, which had been stored in a desiccator for more than 2 years prior 
to use, consisted of a mixture of 20 per cent oxidized DPN and 80 per cent reduced 
DPN. The DPN* probably resulted from air oxidation, whichis not stereospecific, 
and the DPN* therefore contained some deuterium. After enzymatic oxidation of 
the a-DPND by pyruvate, the lactate formed contained 0.92 atom of D per molecule, 
and the nicotinamide from the oxidized DPN contained 0.079 atom of D per mole- 
cule. The nicotinamide from Experiment 2 actually contained 0.091 atom of D per 
molecule. The value of 0.012 atom of D per molecule given is the difference between 
these two figures. 


Reaction of Dihydroorotic Dehydrogenase with Dyes—Lieberman and 
Kornberg (5) noted that the dihydroorotic dehydrogenase preparation 
catalyzed the oxidation of dihydroorotate by air and that added DPN was 
not necessary for this reaction. They attributed this effect to a contam- 
ination of the enzyme preparation with DPNH oxidase, and also presum- 
ably with DPN, and did not investigate the question further (22). The 
presence of dihydroorotic oxidase and DPNH oxidase activities in the 
enzyme preparation was readily confirmed. Tests were then carried out 
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to determine the ability of the enzyme preparation to catalyze the reduc- 
tion of dyes by dihydroorotate. 

Reaction mixtures containing 3 units of enzyme, 10 uwmoles of dihydro- 
orotate, 100 wmoles of potassium phosphate buffer of pH 6.1, 10 umoles of 
MgCl, and 0.1 umole of the dye, all in a volume of 2 ml., were incubated 
in evacuated Thunberg tubes. Methylene blue, neotetrazolium, and 2,6- 
dichlorophenol-indophenol were all tested with appropriate blanks in the 
usual way. Neotetrazolium was not reduced, but methylene blue and 
2 ,6-dichlorophenol-indophenol were both reduced, and the reduction was 
dependent on dihydroorotate. Added DPN stimulated the rate of reduc- 
tion of 2,6-dichlorophenol somewhat, but was not necessary for the reduc- 
tion. The reduction of methylene blue was not stimulated by added DPN 
and was accordingly examined further. Complete reduction of the meth- 
ylene blue required about 10 minutes under the conditions of the test sys- 
tem. The rate of dye reduction corresponded to the rate of reduction of 
orotate by the same amount of enzyme in the assay described under ‘“‘Ma- 
terials and methods.”” The dye was reoxidized on exposure to air, showing 
that the loss of color was not due to destruction of the dye. 

Attempts to decrease the rate of methylene blue reduction by treatment 
designed to remove DPN from the enzyme preparation were completely 
unsuccessful. Addition of massive amounts of DPNase had no effect on 
the rate of dye reduction. Treatment of the enzyme with activated char- 
coal likewise failed to diminish the rate of the reaction. The conclusion 
was drawn that the reaction of dihydroorotic dehydrogenase with DPN is 
indirect, in the sense that DPN is not required for catalysis of the reduc- 
tion of methylene blue by dihydroorotic acid. 

Because of the similarity of dihydroorotic acid to succinic acid, the en- 
zyme was tested for possible reduction of the dyes mentioned above by 
added succinate. All the tests were completely negative. 


DISCUSSION 


The results of the experiments with deuterium are clear-cut in so far as 
they show that dihydroorotic dehydrogenase utilizes the a side of DPNH 
and that no appreciable hydrogen transfer occurs from the DPNH to di- 
hydroorotic acid. The enzyme is only partially purified, however, and 
the question arises whether the hydrogen exchange is a secondary effect, 
due to the adventitious presence of an impurity. If the enzyme contained 
a flavoprotein, for example, which could be rapidly reduced and oxidized 
by DPN, then the hydrogen in the reduced position of the DPN might ex- 
change with the medium, since the extra hydrogen in reduced flavin is 
attached to nitrogen and so would be expected to exchange very rapidly. 
Such a reaction might be independent of the dihydroorotic dehydrogenase. 
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The demonstration that the reduction of methylene blue by dihydroorotate 
is independent of DPN suggests rather that, if hydrogen is exchanged with 
the medium by way of a flavoprotein, such a flavoprotein is just as likely 
to be the dihydroorotic dehydrogenase itself. The direct demonstration 
of a flavin participation has not been made, however, and may also require 
purification. Under the circumstances, the most plausible working hy- 
potheses appear to be that the reaction catalyzed by dihydroorotic dehy- 
drogenase involves oxidation-reduction of a prosthetic group firmly at- 
tached to the enzyme and that this prosthetic group is responsible for the 
reaction with dyes and for the hydrogen exchange. It is not necessary 
that this group should be a flavin, though this possibility is suggested by 
the fact that known flavoproteins have similar properties of reacting with 
dyes and binding the prosthetic group firmly. It is worth noting also 
that both succinic dehydrogenase (23) and the acyl coenzyme A dehydro- 
genases (24) which also oxidize carbon to carbon single bonds to carbon to 
carbon double bonds have been characterized as flavoproteins. The for- 
mation or reduction of carbon to carbon double bonds is, on the other hand, 
an unusual reaction for a pyridine nucleotide dehydrogenase, and one is 
tempted to generalize that all apparent instances of such reactions will, on 
closer inspection, prove to couple only indirectly with the pyridine nucleo- 
tides. This generalization requires further proof, but the authors have 
been unable as yet to find any well defined exception to the rule. 

In conclusion, the position of the reaction catalyzed by dihydroorotic 
dehydrogenase in metabolism may be examined in relation to the evidence 
that the enzyme reacts only indirectly with DPN. Except in the case of 
those organisms which ferment orotate, the enzyme presumably functions 
mainly in the synthesis of pyrimidines from their precursors, and this re- 
action sequence requires that dihydroorotate be oxidized to orotate. The 
equilibrium of the DPN-orotate system is so far toward the side of DPN* 
and dihydroorotate, however, that the occurrence of the reaction in the 
reverse direction can only be demonstrated indirectly (7.e., by using an ex- 
cess of pyruvate with lactic dehydrogenase and a catalytic amount of DPN). 
The oxidation-reduction potential of DPN is actually too low to effect the 
oxidation of dihydroorotate with a biologically realistic DPN+:DPNH 
ratio. A flavoprotein, or some other protein-bound prosthetic group, 
could have an oxidation-reduction potential much higher than that of 
DPN, and so might be expected to cause the oxidation more readily. 


SUMMARY 


Deuterium has been applied to the study of dihydroorotic dehydrogenase 
to show that the enzyme causes a removal of hydrogen only from the a 
side of DPNH, but does not cause direct transfer of this hydrogen to orotic 
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acid. This is in contrast to results previously obtained with alcohol and 
aldehyde dehydrogenases. An explanation has been suggested by the dem- 
onstration that, in the presence of the enzyme, dihydroorotate reduces 
methylene blue in the absence of DPN. The suggestion is made that the 
enzyme contains a prosthetic group with properties similar in some respects 
to a flavin. 
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PREPARATION AND PROPERTIES OF PARTIALLY PURIFIED 
GLUTAMIC SEMIALDEHYDE REDUCTASE* 


By MARION E. SMITHt ann DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of 
California School of Medicine, Berkeley, California) 


(Received for publication, September 25, 1956) 


Glutamic semialdehyde or its cyclization product, A!-pyrroline-5-car- 
boxylate,! has been postulated as a precursor for the biosynthesis of proline 
in both mammals and bacteria (1, 2). In a preliminary report, Yura and 
Vogel have described a soluble enzyme system from Neurospora crassa 
which catalyzes the reductive formation of proline from A!-pyrroline-5- 
carboxylic acid (3). This work describes the preparation and properties 
of a partially purified enzyme from rat liver which catalyzes a similar reac- 
tion. Some of the results have been described in a preliminary communi- 
cation (4). 


Methods 


Proline Determination—Proline was determined by the ninhydrin col- 
orimetric method of Schweet (5). Since ornithine was also present in the 
filtrates in which proline was measured, a prior separation of these two 
amino acids was necessary because the orange color produced by ornithine 
interferes with the red color of the proline in the assay method. This 
separation was accomplished by ion exchange chromatography on 8 per 
cent cross-linked Dowex 50 in the hydrogen form, by employing a column 
10 ecm. high. The amino acids were eluted with increasing strengths of 
HCl, as described by Stein and Moore (6), on a reduced scale, so that 15 
ml. of 1.5 n HCl, 15 ml. of 2.5 n HCI, and 10 ml. of 4.0 ~ HC! eluted the 
three amino acids, glutamic acid, proline, and ornithine, well separated 
from each other in sharp symmetrical peaks. 

Further identification of proline was made by paper chromatography, 
and the proline peak contained no other amino acids identifiable by this 


* Aided by research grants from the National Cancer Institute (Nos. 327 and 2327) 
and the Cancer Research Funds of the University of California. 

+ Prepared from a thesis for the degree of Doctor of Philosophy submitted by 
Marion E. Smith to the Graduate Division, University of California, September, 
1956. Dicrofilm or photostatic copies may be secured on order from the University 
of California. 

1 The material is evidently an equilibrium mixture of glutamic semialdehyde and 
A'-pyrroline-5-carboxylic acid. The two terms are used interchangeably here to 
denote the equilibrium product. 
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method. ‘The region in which proline was eluted from the ion exchange 
column showed a radioactive peak only when proline was found to be the 
sole component. There is little chance, therefore, that pyrrolinecarboxylic 
acid was a contaminant of the proline peak. 

Enzyme Assay—As will be shown later, DPNH? is the hydrogen donor | 
for enzymatic reduction of glutamic semialdehyde. ‘Therefore, the enzyme 
assay was carried out by the spectrophotometric measurement of the dis- 
appearance of DPNH at 340 my. The assay was performed in a 3 ml. 
Corex cuvette, with a 1.0 cm. light path, containing glutamic semialdehyde 
(A'-pyrroline-5-carboxylic acid) and enzyme in 0.05 M triethanolamine 
buffer, with the pH adjusted to 6.8. The reaction was initiated by adding 
DPNH. A reading was taken at zero time at 340 my in a Beckman spec- 
trophotometer, model DU. After 5 minutes, another reading was taken. 
A blank correction was measured of the amount of DPNH oxidation by 
enzyme alone in the absence of glutamic semialdehyde. This was usually | 
of the order of 0.02 optical density unit in the crude mixture, and less in 
the more purified preparations. The corrected fall of absorption was taken 
as a measure of enzymatic activity. The unit of enzyme activity was 
arbitrarily set at 0.01 optical density unit drop in 5 minutes. 

Protein Determination—Protein was determined with a slight modifica- 
tion of the biuret reagent of Weichselbaum (7). In this modification, 9 gm. 
of sodium potassium tartrate, 3 gm. of copper sulfate pentahydrate, and | 
5 gm. of potassium iodide are dissolved in 400 ml. of 0.2 nN NaOH. This 
is then diluted to 1 liter and used as the biuret reagent. <All samples were 
compared against a casein standard. 

Estimation of A'-Pyrroline-5-carboxylate—A'-Pyrroline-5-carboxylic acid 
was synthesized according to the directions of Vogel and Davis (2). This 
compound, even when freshly prepared, contained glycine and proline as 
contaminants, identified by paper chromatography. The synthetic glu- 
tamic semialdehyde was found to be most stable when kept in strong acid 
and in the frozen state. With this treatment, the solution could be kept 
as long as 1 month, although its effectiveness was greatly diminished during 
this time. 

Since it was difficult to measure the absolute concentration of glutamic 
semialdehyde in the presence of its contaminants and its polymerization 
products which appeared in week-old solutions, certain assumptions were 
made in estimating the effective concentration. It was assumed that, 
for every molecule of DPNH oxidized, a molecule of glutamic semialdehyde 


2 Abbreviations employed: DPNH, reduced diphosphopyridine nucleotide; DPN, 
diphosphopyridine nucleotide; ATP, adenosine triphosphate; ADP, adenosine di- 
phosphate; AMP, adenosine monophosphate; TPNH, reduced triphosphopyridine 
nucleotide; TPN, triphosphopyridine nucleotide. 
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was reduced. A small amount of the material was allowed to react to 
completion with a large excess of DPNH. The change in DPNH concen- 
tration at completion was taken as a measure of the concentration of total 
glutamic semialdehyde present. The reduction was assumed to run to 
completion since the degree of reversibility at the most. was slight. 

Preparation of Saturated Ammonium Sulfate—Saturated ammonium 
sulfate was prepared by dissolving 100 gm. of crystalline ammonium sulfate 
in 100 ml. of boiling water, then storing it at 4°. After several days the 
supernatant liquid was decanted from the crystals, neutralized to pH 7.5 
with a few drops of concentrated ammonium hydroxide, and stored at 4°. 

Preparation of Crude Enzyme—A soluble enzyme system was prepared 
by homogenizing rat liver in a Potter-Elvehjem all-glass homogenizer in 
1.5 volumes (1 ml. per gm. of rat liver) of 0.025 mM potassium phosphate 
buffer at pH 8, which contained 0.001 m glutathione. The homogenate 
was centrifuged at 100,000 X g for 30 minutes and the supernatant fluid 
saved. Neutral saturated ammonium sulfate was stirred into the super- 
natant fluid at 4° to 40 per cent saturation. After standing in the cold 
for 20 minutes, the solution was centrifuged and the precipitate discarded. 
The supernatant fluid was then brought to 60 per cent saturation with 
ammonium sulfate, allowed to stand, and centrifuged as before. The 
precipitate was dissolved in a small amount of 0.1 mM phosphate buffer, 
pH 8, and dialyzed for 18 hours against four changes of 0.05 m phosphate 
buffer, pH 8, at 4°. 

Preparation of Filtrate—In the early experiments, ornithine-2-C™ and 
a-ketoglutarate, incubated with the crude enzyme, served as a source for 
radioactive glutamic semialdehyde (8). This yielded radioactive proline, 
which could be quickly located in the eluate from the Dowex 50 column 
by scanning for radioactivity. At the end of the incubation time, 1 vol- 
ume of absolute ethanol was added to the incubation flask to stop the reac- 
tion and to precipitate the protein. After centrifugation the filtrate was 
evaporated to dryness, dissolved in a few ml. of water, and applied to the 
ion exchange column. Collection of the eluent was accomplished in poly- 
ethylene planchets, the contents of which were evaporated to dryness and 
counted with a Geiger-Miiller counter to determine the location of the 
radioactive peaks. 


Results 


DPNH or DPN was found to be essential for the formation of proline 
(Table I). Nicotinamide and anaerobic conditions, used to preserve the 
DPN molecule, proved to be non-essential. 

When ornithine and a-ketoglutarate were first incubated with crude 
enzyme and the mixture was denatured by heat and centrifuged, an aliquot 
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of the filtrate caused oxidation of reduced DPNH as observed spectro- 
photometrically. That this decrease in absorption was due to glutamic 


TABLE I 
Conversion of Ornithine to Proline 
System Proline formed* 
mg 
DPN instead of DPNH.................. ce 0.56 
0.58 


*The proline formed in this experiment was radioactive, which facilitated its 
detection. The specific activity of the proline was not determined. 

t Complete system: 5 mg. of ornithine-2-C™, 5 mg. of a-ketoglutarate, 10 mg. 
of nicotinamide, 3 mg. of DPN or DPNH, obtained from the Sigma Chemical Com- 
pany, 2 ml. of crude enzyme containing 60 mg. of protein, 2 ml. of 0.1 m phosphate 
buffer, pH 8, in a total volume of 5.6 ml. Incubations were carried out at 37° for 3 
hours under nitrogen in stoppered 10 ml. Erlenmeyer flasks. 


TABLE IT 
Enzymatic Reduction of Glutamic Semialdehyde 


Incubation system Optical density 


decrease per 10 min. 


Preliminary incubation mixture,* 1 ml. aliquot.......... 0.330 
Synthetic glutamic semialdehyde, 0.05 ml................ 0.235 


Each cuvette contained 3 ml. of 0.1 m phosphate buffer, pH 7, 1 mg. of enzyme pro- 
tein, and 0.5 mg. of DPNH. 

*5 mg. of a-ketoglutarate, 5 mg. of ornithine, and 25 mg. of enzyme protein incu- 
bated in 3 ml. of 0.1 Mm phosphate buffer, pH 8, for 2 hours at 37°. At the end of this 
period the mixture was boiled and centrifuged, and an aliquot of the supernatant 


fluid was used. 


semialdehyde reduction is shown by the fact that the synthetic material 
caused a similar decrease, although other components of the reaction mix- 
ture did not cause this DPNH oxidation (Table II). 

Activity of Supernatant Material—When the supernatant fluid obtained 
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directly from the first homogenate of rat liver was assayed by the spectro- 
photometric method after dialysis in the cold, it showed very little activity. 
This activity ranged in different preparations from 0.8 to 5 enzyme units 
per mg. of protein. If the supernatant fluid was allowed to stand at room 
temperature for 2 hours before dialysis, the specific activity was increased 
three to four times. If the fresh supernatant material was 40 per cent 
saturated with ammonium sulfate and then dialyzed without centrifuga- 
tion, the specific activity and total activity increased four to eight times. 
This indicates the presence of a heat-labile inhibitor that masks the en- 
zyme activity in the untreated dialyzed supernatant material, which 
was removed by standing at room temperature or by addition of large 
amounts of ammonium sulfate. 

Further Purification of Enzyme—The crude enzyme prepared as pre- 
viously described was further purified by repeated ammonium sulfate pre- 
cipitation. ‘The enzyme solution was precipitated as before, and the 41 
to 60 per cent saturated ammonium sulfate fraction (1) was kept and dia- 
lyzed for 18 hours as previously. The enzyme solution was again then 60 
per cent saturated with ammonium sulfate (II), and the precipitate was 
collected and suspended in 10 ml. of a 50 per cent saturated solution of 
ammonium sulfate. After being stirred for 15 minutes in the cold with a 
magnetic stirrer, the solution was centrifuged, and the supernatant liquid 
retained. The precipitate was again suspended in a 45 per cent saturated 
ammonium sulfate solution, stirred, and centrifuged as before. This pro- 
cedure was repeated with 40 per cent saturated ammonium sulfate, and the 
small precipitate remaining after the last centrifugation was dissolved in 
0.1 m phosphate buffer. All fractions were dialyzed for 18 hours against 
four 1000 ml. changes of phosphate buffer, pH 8. The last fraction, al- 
though representing a very small amount of the total activity, was usually 
found to have the highest specific activity, about 4 to 5 times that of the 
uninhibited supernatant fraction or 25 to 30 times the activity of the fresh 
supernatant fraction. Activities of various fractions of a typical prepara- 
tion are summarized in Table III. Each precipitation step was accom- 
panied by a large loss of total activity, and further attempts to purify the 
enzyme by the use of adsorbents or alcohol precipitation resulted in total 
loss of activity. 3 

Stability of Final Preparation—The enzyme as recovered after dialysis 
against 0.05 m phosphate quickly became inactive unless the last dialysate © 
change contained 0.1 mM phosphate. The enzyme solution was then more 
stable, losing 70 per cent of its activity when kept in the refrigerator for 
2 weeks or 60 per cent of its activity when kept in the frozen state during 
this time. 

Effect of pH—The enzyme showed maximal activity in the range of pH 
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TaBLeE III 
Purification and Yields of Enzyme Fractions 


| Specific 


mg. protein | 
Supernatant liquid (untreated) | 1.8 6,650 
“(2 hrs. at room tem- 8.5 27,750 
perature) | 
Supernatant liquid (brought to 40% satura- 12.2 1 45,445 100 
tion with (NH,)2S0,) 
0-40% (NH,)2SO, 3,100 
41-60% I 42,000 92 
41-60% I | 37.6 | 3.0 | 22,880 50 
Fractional elution | 
Eluted in 50% saturated (NH,)2S0, | 95.0 | 2.1 600 1 
45% | 30.0 | 2.5 7,350 16 
40% residue in 0.1 m phosphate | 42.0 | 4.0 1,680 3 
LOF 
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Fig. 1. pH-activity curve of glutamic semialdehyde reductase. 
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6.6 to 7.0 (Fig. 1). The alkaline side of the pH optimum diminishes grad- 
ually, while the acid side drops off sharply. This is undoubtedly due to 
the instability of the enzyme in acid, since enzyme prepared with unneu- 
tralized ammonium sulfate is completely inactive. 


TABLE IV 
Inhibition by Thiol Reagents in Presence of Substrate 
Reagent Concentration | Inhibition 
M per cent 
p-Chloromercuribenzoate 6 xX 12 
1 1075 22 
2X 107-5 87 
4x 1075 94 
6 107-5 100 
HgCl, 1 X 1075 19 
2X 107-5 40 
4X 1075 | 82 
6 xX 1075 93 
8 107-5 100 
AgNO; 3 X 10° 13 
7X 10-6 44 
1 X 10-5 89 
2x 107-5 95 
4X 10-5 100 
CdCl, 1 10-3 87 
Cu(NQs3)2 1 X 10-3 24 
Iodoacetate 1 X 10°! 50 
Iodosobenzoate 1 X 10°? 50 


The assay cuvettes contained 1 ymole of glutamic semialdehyde in 3 ml. of 0.05 
M triethanolamine and inhibitors in 0.1 ml. to make the desired concentration. The 
pH was adjusted to 6.8, and the reaction was initiated by the addition of 0.5 mg. of 


DPNH. 


Effect of Substrate Concentration—Michaelis-Menten constants were de- 
termined separately for glutamic semialdehyde and DPNH. This was 
done by plotting 1/V against 1/S according to the method of Lineweaver 
and Burk (9). The values determined were 2.5 * 10-4 for DPNH and 
2.1 for glutamic semialdehyde. 

Inhibition by SH Reagents—p-Chloromercuribenzoate, Agt, and Hg*+ 
proved to be powerful inhibitors of the enzyme (Table IV). When the 
enzyme is fully inhibited by 6.5 & 10-5 m p-chloromercuribenzoate, 8 
10-5 m HgCle, or 4 X 10-' m AgNO,, dithiol propanol (BAL) at a concen- 
tration of 10-? m was able to restore activity only partially, to an extent of 


324 GLUTAMIC SEMIALDEHYDE REDUCTASE 


15, 22, and 13 per cent, respectively. Other inhibitors such as Cd**, 
Cutt, iodosobenzoate, and iodoacetate inhibited only at a higher concen- 
tration. There was substrate protection by glutamic semialdehyde from 
inhibition by Cut* and iodosobenzoate, indicating that the SH group may 
be involved in the binding of this substrate to the enzyme. 


q TPN ATP 
6 E ADP 
OQ 60+ 
_ 
DPN 
40h Pyrophosphate 
©O 
x 
AMP 


l 
4.0 35 30 2.5 2.0 
-Log Concentration Inhibitor, M 
Fig. 2. Inhibition of DPNH activity by adenine nucleotides 


7L 
is) 
Gi. 
NO inhibition 
-4 
ATP 
0-5 x10 ADP 
a-5 x AMP 
0.5 5 2.5 3.5 
4 
Ym x 10* DPNH 
Fig. 3. Lineweaver-Burk plot to show competitive inhibition of DPNH activity 
by adenine nucleotides. 
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Inhibition by Nucleotides—ATP and ADP exerted a surprisingly strong 
inhibition upon the enzymatic reaction. DPN, pyrophosphate, AMP, and 
adenosine showed a lesser inhibition (Fig. 2). 

A Lineweaver-Burk plot of the velocity of the reaction in the presence 
of ATP, ADP, and AMP showed the inhibition to be competitive with 
respect to DPNH (Fig. 3). TPN was also a powerful inhibitor, causing 
a 60 per cent inhibition at a concentration of 10-'m. This inhibition, how- 
ever, was shown to be of the non-competitive type and was therefore not 
included in Fig. 3. The non-competitive inhibition by TPN may be due 
toa DPN-TPN transhydrogenase, but this possibility was not investigated. 

Specificity toward DPNH—When TPNH was substituted in the reaction 
cuvette for DPNH, only about one-third of the activity was observed. 
Thus, in contrast to the enzyme described by Yura and Vogel (3), DPNH 
seems to be better utilized than TPNH, although both serve as hydrogen 
donors. 


DISCUSSION 


The recovery of the enzyme from fresh supernatant fluid in the inhibited 
form is a point of great interest. Swartz, Kaplan, and Frech (10) have 
recently discussed the existence of enzymes in a naturally inhibited state. 
The inhibitor in this study seemed to be irreversibly removed from the 
enzyme by moderate temperatures or by addition of ammonium sulfate. 
Tomkins (11) also has found that the first ammonium sulfate precipitation 
results in a large increase in total activity of 3-a-hydroxysteroid dehydro- 
genase, a DPN-dependent enzyme in rat liver. 

The competitive inhibition by the adenosine phosphates is not unprece- 
dented. Williams has also described a competitive inhibition exerted by 
adenine, adenosine, and adenosine triphosphate on DPN utilization by 
malic dehydrogenase (12). He suggested that one point of attachment 
of the DPN molecule might be the adenine group. It is possible that this 
may be the case here, but the pyrophosphate bond also seems to be in- 
volved. 0.1 M nicotinamide did not inhibit the reaction in any way; there- 
fore it appears that the other end of the molecule is the point of attachment, 
with both the adenine and the pyrophosphate linkage involved. 

Although neither the enzyme described in these experiments nor the 
substrate is of a sufficient degree of purity to obtain unequivocal data, 
several clues indicate a possible mechanism of the reaction. The substrate 
for the enzyme is said to exist in two configurations, the straight chain 
compound and its cyclized dehydration product (2). It has been assumed 
that formation of proline is by a simple hydrogenation of the cyclized com- 
pound at the double bond to form a saturated 5-membered ring. 

On the other hand, from the inhibition studies with thiol reagents and 
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from the protective effect of the substrate against inhibition, it is likely 
that the SH group is essential for substrate binding. The reactivity of 
aldehydes with SH groups to form hemithioacetals is well known. A 
mechanism such as the accompanying may therefore be proposed. 


H OH 
| | 
C= H—C—S—enzyme 
| 
CH, CH, 
| + SH—enzyme > | | 
CH: CH, 
| 
HC—NH;, HC—NH, 
| | | 
COOH COOH | 
| —H.O 
H 
CH.——CH, H,C—C—S—enzyme 
N 
CH, CH—COOH + SH—enzyme NH 
N H.C—C—COOH 
H H 


In this proposed mechanism, the ring forms only after the spontaneous 
attachment of the glutamic semialdehyde to the enzyme, whereupon it 
is cleaved enzymatically by DPNH to form the reduced thiol enzyme and 
free proline. 

It is possible also that the cyclized pyrrolinecarboxylic acid may react 
with the SH group prior to direct reduction of the double bond, although 
no chemical model is known in which such a reaction takes place. 


The authors wish to thank Mr. Donald C. Morrison for synthesizing the 
A!-pyrroline-5-carboxylate. 


SUMMARY 


1. An enzyme which forms proline from glutamic semialdehyde or its 
cyclization dehydration product, A!-pyrroline-5-carboxylic acid, has been 
partially purified by ammonium sulfate fractionation. 

2. The enzyme is obtained from rat liver in an inhibited form. The 
inhibition is removed by allowing the enzyme to stand at room temperature 
or by the addition of ammonium sulfate. 

3. Michaelis-Menten constants determined for the enzyme are 2.5 X 


US 
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10-* mM with respect to reduced diphosphopyridine nucleotide and 2.1 X 
10-4 m with respect to glutamic semialdehyde. The optimal pH is at 6.6 
to 7.0. 

4. Certain sulfhydryl reagents are powerful inhibitors of the enzyme. 
Some protection from inhibition is offered by glutamic semialdehyde, indi- 
cating that the sulfhydryl group may be a substrate-binding site. Adeno- 
sine triphosphate and, to a lesser extent, adenosine diphosphate and adeno- 
sine monophosphate are also strong inhibitors, and the inhibition is 
competitive with respect to reduced diphosphopyridine nucleotide. A pos- 
sible mechanism for the reduction reaction based on condensation of the glu- 
tamic semialdehyde with the thiol group of the enzyme is proposed. 
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STUDIES ON THE CONVERSION OF CITROVORUM 
FACTOR TO A SERINE ALDOLASE COFACTOR * 


By JAMES M. PETERS anp DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of 
California School of Medicine, Berkeley, California) 


(Received for publication, October 2, 1956) 


Previous papers from this laboratory have dealt with the properties of 
the serine-forming enzyme system from glycine (1, 2). Evidence has been 
presented that citrovorum factor! is implicated as a precursor of the serine 
8-carbon carrier. It was shown earlier (3) that CF and ATP react in 
pigeon liver extracts to vield a compound which is involved in the formyla- 
tion of 5-amino-4-imidazolecarboxamide-5’-phosphoribotide. Recent re- 
ports have been concerned with the identity of the compounds arising 
from the reactions of tetrahydrofolic acid with serine (4, 5), formate (6), 
formaldehyde (7), formiminoglycine (8-10), and formamidinoglutaric acid 
(11-13). Evidence for the implication of N!°-hydroxymethyltetrahydro- 
folic acid as the cofactor in the serine-glycine interconversion has been 
reported (4, 5). | 

The finding that CF and ATP together can replace the tetrahydro- 
folic acid requirement for formaldehyde utilization in serine synthesis 
prompted an investigation of the mechanism of the reaction whereby CF 
is converted to the active cofactor. ‘This paper deals with certain prop- 
erties of the enzyme system concerned with this transformation. 


EXPERIMENTAL 


Enzyme Preparation—Fresh sheep liver was homogenized with 10 vol- 
umes of acetone at — 10° in a Waring blendor for 1 minute and then filtered 
on a Biichner funnel. The residue was washed with acetone at —10° 
until no color was observed in the filtrate and then dried at room tempera- 
ture by being spread in a thin layer on a large sheet of filter paper. The 
powder was stored in a tightly stoppered bottle at —5°. The enzymes 
concerned with CF utilization remain stable in this acetone powder for 
periods greater than 4 months. The preliminary experiments of this in- 


* Aided by research grants from the United States Public Health Service (C-2327) 
and the American Cancer Society, California Division (No. 151). 

1 Abbreviations employed: CF, citrovorum factor (leucovorin); ATP, adenosine 
triphosphate; AMP, adenylic acid; TPN, triphosphopyridine nucleotide; TPNH, re- 
duced triphosphopyridine nucleotide; DPN, diphosphopyridine nucleotide; DPNH, 
reduced diphosphopyridine nucleotide; Pi, inorganic orthophosphate; PP;, inorganic 
pyrophosphate. 
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vestigation were carried out with the enzyme preparation described by 
Alexander and Greenberg (2). Extracts of the acetone powder were made 
with 0.05 m sodium citrate buffer, pH 6.5, and were found to lose about 
one-half of their enzymatic activity in 3 days when stored at 5°. The © 
crude extracts can be purified about 4-fold by ammonium sulfate fraction- 
ation.? The activity is concentrated in the proteins precipitating between | 
31 and 50 per cent saturation with respect to ammonium sulfate when the © 
pH is maintained at 6.5. Four buffers (0.05 m, pH 6.5) were tried for | 
acetone powder extraction: phosphate, maleate, citrate, and succinate. 
Very little activity was measurable in the maleate and succinate extracts, 
but citrate extracts were found to have about 50 per cent more activity | 
than those made with phosphate buffer. 

Assay Procedures—Serine was determined as previously described (2). 
Leucovorin (CF) was determined by conversion to anhydrocitrovorum 
factor (14). The incubations were carried out in 12 ml. conical centrifuge | 
tubes placed in a water bath maintained at 37° and agitated. The incu- , 
bation volume was 1 ml., and the reaction was stopped by adding 1 ml. of | 
4 per cent HCIO, (15). After the protein precipitate was centrifuged, the : 
supernatant fluid was left at room temperature for 30 minutes to allow 
complete conversion of CF to anhydrocitrovorum factor. 1 ml. of the 
supernatant liquid was diluted to 6 ml. with water, and the optical density 
was read at 360 mu. The optical density was found to be a linear function 
of the initial CF concentration. Formaldehyde was determined colori- 
metrically by heating 1 ml. of the incubation extract with 10 ml. of chromo- 
tropic acid reagent (0.2 per cent 1 ,8-dihydroxynaphthalene-3 , 6-disulfonic 
acid in 12 m sulfuric acid) for 30 minutes. After cooling, 1 ml. of a half 
saturated aqueous solution of thiourea was added. The optical density 
at 550 my is a measure of the formaldehyde concentration. Orthophos- 
phate was determined by the Lowry-Lopez method (16), and protein con- : 
centrations from the ultraviolet absorption by the method of Warburg and 


Christian (17). 
Results 

Partial Separation of Serine Aldolase from Leucovorin-Utilizing System— Z 
The 31 to 50 per cent saturated ammonium sulfate fraction was subfrac- g 


tionated into four fractions, 31 to 35, 36 to 40, 41 to 45, and 46 to 50. 
The serine-forming activity of each fraction was assayed with tetrahydro- t 
folic acid and with leucovorin and ATP (Table I). Evidence for the ex- te 


istence of separate enzymes was provided by the finding that the enzyme t 
system which utilizes CF was precipitated principally in the 36 to 40 per d 

2 Experiments on the purification and further characterization of this enzyme sys- in 


tem are now in progress. 
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cent fraction, while that system which utilizes tetrahydrofolic acid was 
found to be most active in the 41 to 45 per cent fraction. Further evidence 
was provided by the observation of a synergistic activity between the 36 
to 40 per cent fraction and the 46 to 50 per cent fraction when assayed 
with CF plus ATP but not when assayed with tetrahydrofolic acid. 
Preincubation of Enzyme with CF, ATP, and CF Plus ATP—In order 
to determine the sequence of enzymatic reactions leading to CF conversion, 
preincubations of an enzyme preparation with CF, ATP, CF plus ATP, 
and the enzyme alone were carried out, followed by an aerobic incubation 


TABLE 
Partial Separation of Serine Aldolase from CF-Utilizing System 

The vessels (20 ml. beakers) contained 0.40 mg. of calcium leucovorin, 10 umoles of 
ATP, 0.05 umole of pyridoxal phosphate, and 1.4 ml. of 0.02 m sodium phosphate 
buffer, pH 7.2. Leucovorin and ATP were omitted from the samples to be assayed 
with tetrahydrofolic acid. After 30 minutes preincubation under nitrogen in a Dub- 
noff metabolic incubator, 90 umoles of glycine and 10 umoles of formaldehyde were 
added. 0.80 mg. of tetrahydrofolic acid was added as indicated. Total volume, 3.0 
ml. The reactions were terminated by the addition of 1.0 ml. of 30 per cent tri- 
chloroacetic acid. 7 


| Serine 
Ammonium sulfate 
E t No. on Prot 
ATP acid 
meg. | umole per mg. umole per mg. 
| protein per hr. protein per hr. 
31-35 82 0.039 0.107 
2 36-40 92 | 0.093 0.128 
3 — 41-45 49 0.033 0.279 
4 46-50 57 0.031 0.174 
5 | 36-40 + 46-50 75 0.120 0.161 


in the presence of excess glycine and formaldehyde. The activity of the 
CF-utilizing enzyme is expressed in terms of millimicromoles of serine 
synthesized (Table II), and the results indicate that activation of the en- 
zyme by ATP is a prerequisite to CF utilization. Preincubations with 
glycine, formaldehyde, or both produced no increase in serine synthesis. 

Activity of CF-Converting Enzyme—In all enzyme preparations tested, 
the rate of CF disappearance was found to be a linear function of the pro- 
tein concentration. When leucovorin disappearance was plotted against 
time, an initial linear phase was followed by a phase in which the amount 
disappearing approached a value which was one-half of the initial leuco- 
vorin concentration. This is explained by the fact that leucovorin is a 
racemic mixture of CF and its C-6 enantiomorph. In the absence of ATP, 
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leucovorin did not disappear from the incubation mixture. Thus the 
change in optical density at 360 my brought about by ATP is a measure 
of the CF utilized (Table ITI). 


TABLE II 
Effect of Preincubation with ATP on Serine Synthesis 

Preincubation, 30 minutes at 37° under nitrogen; 60 mg. of enzyme (31 to 50 per 
cent saturated ammonium sulfate fraction); 1.2 ml. of 0.02 m sodium phosphate 
buffer, pH 7.2; 10 wmoles of MgSO,; 0.05 umole of pyridoxal phosphate; 10 wmoles of 
glutathione; 0.20 mg. of calcium leucovorin as indicated; 10 wzmoles of ATP as indi- 
cated. Incubation, 60 minutes at 37° under air; 90 uwmoles of glycine; 10 umoles of 
formaldehyde. Final volume, 3.0 ml. The reactions were terminated by the addi- 
tion of 1.0 ml. of 30 per cent trichloroacetic acid. 


| 

Serine with Serine without Serine increase by | 
Experiment No. | Preincubation additions preincubation* preincubation* —_—preincubation* 
| 

1 None 73 4 | 0 

| CF 74 74 | 0 

3 | ATP 106 66 40 

4 | CF + ATP | 110 66 44 


* Measured in millimicromoles per mg. of protein. 


TaBLeE III 
ATP Requirement of CF Utilization 
The vessels contained 25 mg. of enzyme (acetone powder extract), 0.25 mg. of 
calcium leucovorin, 10 wmoles of ATP as indicated, 10 umoles of MgSO,, and 0.3 ml. 
of sodium phosphate buffer, pH 7.2. Final volume, 1.0 ml. Aerobic incubation at 
37°. The reactions were terminated by the addition of 1.0 ml. of 4 per cent HCIO, 
under petroleum ether. 


Optical density, 360 mu 
Incubation time A optical density CF utilized 
With ATP Without ATP 

min. pmole* 

3 0.60 0.67 0.07 0.049 
10 0.54 0.65 0.09 0.063 
15 0.58 0.69 0.11 0.077 
30 0.51 0.64 0.13 0.091 | 
45 0.49 0.64 0.15 0.105 , 
60 0.48 0.67 0.19 0.133 7 


* Micromoles of CF utilized = 0.7 X A optical density. 


1 
Requirement for Triphosphopyridine Nucleotide and for Mn++—Extensive i 
dialysis of acetone powder extracts against 0.05 m citrate buffer, pH 6.5, f 
caused a complete loss of the CF-utilizing activity. Mg++ or Mnt+ par- 
tially restored the lost activity, Mn++ (optimal concentration about 5 X f 


he 
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10-° m) being more effective than Mg++. TPN brings about a further 
increase in activity, while DPN is less effective. This finding is in agree- 
ment with that of Jaenicke (4) that N}°-formyltetrahydrofolic acid is a 
product of the conversion of serine to glycine after oxidation with TPN. 
In order to test the possibility that TPNH is the active pyridine nucleo- 
tide, an acetone powder extract was treated with activated charcoal (Darco 


TABLE IV 
Effect of TPN and TPNH on Charcoal-Treated Enzyme 
The vessels contained 19 mg. of enzyme (acetone powder extract treated with 
Darco G-60), 0.25 mg. of calcium leucovorin, 0.27 mg. of TPN or TPNH, 10 umoles 
of ATP, and 0.3 ml. of 0.02 m sodium phosphate buffer, pH 6.5. Total volume, 1.0 
ml. Aerobic incubation for 30 minutes at 37°. The reactions were terminated by 
the addition of 1.0 ml. of 4 per cent HClO, under petroleum ether. 


Experiment No. | Addition CF disappeared 


| 
| 
1 | TPN | 52 
TPNH 69 
TABLE V 


Reduction of TPN to TPNH by Leucovorin 
The experiments were carried out in 1 cm. Corex cuvettes at room temperature. 
2.6 ml. of 0.02 m sodium phosphate buffer, pH 6.5, and 0.25 mg. of TPN were added to 
each cuvette, followed by the additions indicated. At zero time, 4 mg. of enzyme 
were added. Final volume, 3.0 ml. TPNH was determined by the change in optical 
density at 340 my. 


TPNH formed 
Additions 
Zerotime| 30 sec. 3 min. 15 min. 
7 
1 CF, 0.25 mg. + ATP, 10 umoles 0 2 4 
2 “ 0 13 18 21 
3 ATP, 10 umoles 0 0 0 0 


G-60) and then assayed for CF utilization with TPN and with TPNH. 
TPNH was found to be about 25 per cent more effective than TPN in 
satisfying the pyridine nucleotide requirement (Table IV). An attempt 
was made to correlate CF disappearance with TPNH oxidation, but it 
was found that TPN is reduced by CF in this system (Table V). ATP 
inhibits this reduction. Reduction of DPN to DPNH by a tetrahydro- 
folate compound has been reported (4). 

Removal of Formyl Group of CF As Formaldehyde—In order to measure 
formaldehyde evolution from CF, it was found necessary to employ a 
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trapping agent. In the absence of a trapping agent, added formaldehyde 
rapidly disappeared from acetone powder extracts. The agent employed 


TaBLeE VI 
Relationship between CF Utilization and Formaldehyde Evolution 
The vessels contained 0.47 wmole of calcium leucovorin, 10 wmoles of ATP, 4.5 
umoles of semicarbazide, 0.3 mg. of TPNH, and 0.4 ml. of acetone powder extract in 
0.02 m sodium phosphate buffer, pH 6.5, in a final volume of 1.0 ml. Aerobic incu- 
bation at 37°. 


Incubation time | Leucovorin disappearing HCHO formed 
min. umole umole 
0 0.00 0.00 

10 0.05 0.07 
20 0.12 0.13 
40 0.20 0.20 
60 0.20 0.19 
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Fig. 1. Effect of leucovorin concentration on rate of formaldehyde evolution. 
Vessel contents: 14 mg. of enzyme (acetone powder extract in 0.05 m sodium citrate 
buffer, pH 6.5); 4.5 wmoles of semicarbazide hydrochloride; 10 wmoles of ATP; 0.30 
ml. of 0.05 m sodium citrate buffer, pH 6.5. Total volume, 1.0 ml. Aerobic incuba- 
tion at 37°. The reactions were terminated by the addition of 1.0 ml. of 10 per cent 
trichloroacetic acid. ©, 0.23 umole of leucovorin; A, 0.47 umole of leucovorin; O, 
0.70 umole of leucovorin. 


was semicarbazide, which has been shown to trap formaldehyde quanti- 
tatively (18). Sodium bisulfite at levels sufficient to trap formaldehyde 
inhibited CF utilization, while semicarbazide at a final concentration of 
0.05 per cent was found to increase the rate of leucovorin disappearance. 
Leucovorin did not react with semicarbazide. This activating effect is 
believed to be due to removal of formaldehyde. 0.005 m formaldehyde 


le 
od 


J. M. PETERS AND D. M. GREENBERG 335 


was found to cause a 20 per cent inhibition of CF utilization. Formalde- 
hyde trapped by semicarbazide was found to be stoichiometric with CF 
disappearance, as shown in Table VI, and the effect of CF concentration 
on formaldehyde evolution is indicated in Fig. 1. No formaldehyde evo- 
lution from CF was observed in the absence of ATP (Table VII). Table 
VII shows that N?!°-formyltetrahydrofolic acid prepared by catalytic hy- 
drogenation (19) of N'°-formylfolic acid yielded formaldehyde when incu- 
bated with a crude acetone powder extract. Evidence has already been 


TaBLeE VII 
Removal of Formyl Group of CF, N'°-Formyltetrahydrofolic Acid, 
and N'°-Formylfolic Acid As HCHO 
The vessels contained 10 umoles of ATP, as indicated, 4.5 umoles of semicarbazide, 
0.4 ml. of acetone powder extract in 0.05 m sodium citrate buffer, pH 6.5. Final 
volume, 1.0 ml. Aerobic incubation at 37° for 40 minutes. 


HCHO formed 
Experiment CF N10-Formyltetra-| V'°-Formylfolic 
No. hydrofolic acid acid 
With ATP Without ATP 
mg. mg. mg. pmoles umoles 
1 0.00 0 0 
2 0.12 90 0 
3 0.25 | | 117 0 
4 ae 125 0 
5 | 0.00 0 0 
6 0.15 36 33 
7 0.30 49 67 
8 0.45 60 79 
9 | 0.00 0 
10 0.12 9 
11 | 0.24 10 
12 0.33 15 


presented (Table IV) that such an extract contains TPN and TPNH. 
Table VII further indicates that N'°-formylfolic acid yields lesser amounts 
of formaldehyde in this system. 

Requirement for ATP—ATP consumption by acetone powder extracts 
was measured as orthophosphate evolution. It was found that the apyrase 
and pyrophosphatase activities of acetone powder extracts could be largely 
removed by repeated precipitations of the 31 to 50 per cent saturated 
ammonium sulfate fraction. The difference in the P; production rate 
brought about by adding leucovorin (0.025 per cent) was taken as the 
rate of P; production due to the presence of leucovorin. The relationship 
of CF and ATP consumption is indicated in Table VIII. Synthetic N?°- 
formyltetrahydrofolic acid (19) also brought about an increase in ATP 
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consumption approximately equivalent to that caused by leucovorin. Con- 
trols in which N?!°-formyltetrahydrofolic acid was added at the end of the 
incubation period indicated that the increase in P; was not due to inter- 
ference with the P; determination. 


TaBLe VIII 
ATP Consumption by CF-Utilizing System 
The vessels contained 6 mg. of enzyme (twice precipitated 31 to 50 per cent satu- 
rated ammonium sulfate fraction of acetone powder extract), 10 wmoles of ATP, 
0.23 mg. of TPNH, 0.47 umole of calcium leucovorin, 5 wmoles of MnSQ,, and 0.25 
ml. of 0.05m sodium citrate buffer, pH 6.7,in a final volume of 1.0m]. Aerobic in- 
cubation at 37°. 


Experiment No. | ‘Time | CF utilized | Pj measured* | Ratio, i. 
min | pmole | pmole | 
1 30 | 0.092 | 0.13 1.41 
2 | 30 | 0.085 0.16 1.88 
3 GO | 0.164 | 0.30 1.83 
4 | 60 | 0.179 | 0.29 1.62 


* Corrected for apyrase activity. 
DISCUSSION 
Jaenicke (4) has presented evidence that in pig liver extracts the formy] 
group of N?!°-formyltetrahydrofolic acid is in equilibrium by an oxidation- 


reduction system with the 6-carbon of serine through a hydroxymethy] 2 
level derivative, presumably N!°-hydroxymethyltetrahydrofolic acid. This 


system also converts N!°-formyltetrahydrofolic acid to CF. The system 
which we have studied is essentially the same as that of Jaenicke, particular 
emphasis having been directed toward the conversion of CF to a serine 
aldolase cofactor. The following enzymatic mechanism is proposed for 
this conversion. ( 
(1) knzyme + ATP . enzyme-AMP-PP 
(2) Enzyme-AMP-PP + CF = 
N'°-formyltetrahydrofolic acid + enzyme + AMP + PPi 
(3) N?*-Formyltetrahydrofolie acid + TPNH == 
N?°-hydroxymethyltetrahydrofolic acid + TPN 

The observation that TPN is nearly as.effective as TPNH is in accord . 
with the finding that TPN is rapidly reduced by CF in this system. The 
formation of a compound giving the formaldehyde reaction with chromo- 0 
tropic acid reagent has been interpreted as formaldehyde evolution. A 
plausible alternative interpretation would be that semicarbazide traps ; 


N'*-hydroxymethyltetrahydrofolic acid and prevents its reoxidation to 


CO 
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N'°-formyltetrahydrofolic acid, thus driving Reaction 3 to the right. The 
point of interest is that the formyl group of CF is reduced to a hydroxy- 
methyl group by TPNH and that its appearance is stoichiometric with 
the disappearance of CF. 

Doctor and Awapara (20) recently reported the formation of CF from 
folic acid in chick liver acetone powders. Since the system described was 
similar to ours, it was of interest to note that Cl* was formed in their system 
at a slower rate than that at which it was utilized in ours. ‘This apparent 
inconsistency was resolved by observing the effect of folic acid on our sys- 
tem. 0.02 per cent folic acid brought about a 35 per cent inhibition of 
both CF utilization and P; production. 

The observation that only one optical isomer of leucovorin is active in 
this system is in agreement with the recently reported finding of Rabino- 
witz and Pricer (10) that Clostridium acidi-urict and Clostridium cylindro- 
sporum extracts are able to convert only one-half of added synthetic anhy- 
drocitrovorum factor to N?!°-formyltetrahydrofolic acid. 

The finding that ATP is not required for reduction of the formyl group 
of N'°-formyltetrahydrofolic acid by ‘TPNH, but is required for reduction 
of the formyl group of CF (see Table VII), supports the view of G. R. 
Greenberg (3) that ATP is involved in the transfer of the formyl group 
from the N-5 to the N-10 position via the onium structure of anhydrocitro- 
vorum factor. Further evidence is thus provided against the earlier view 
that N5-hydroxymethyltetrahydrofolic acid might be the active cofactor 
in the serine-glycine interconversion. 

Since N!°-formyltetrahydrofolic acid was found to bring about an in- 
creased consumption of ATP, the possibility exists that the terminal phos- 
phate of ATP can attach to the N-5 or N-10 position of N!°-formyltetra- 
hydrofolic acid or CY, respectively, and thus be involved in the formation 
of one or the other of the two possible imidazolinium structures of anhydro- 
citrovorum factor. Further investigation of this aspect will be required 
before the role of ATP can be clearly delineated. 


SUMMARY 


1. An enzyme system of sheep liver concerned with the conversion of 
citrovorum factor (CF) to a serine aldolase cofactor has been partially 
separated from serine aldolase by ammonium sulfate fractionation. 

2. Preincubation experiments indicate that the first step in the con- 
version sequence 1s an enzyme-adenosine triphosphate (ATP) reaction. 

3. The system has been shown to be specific for only one optical isomer 
of leucovorin. 

4. Reduced triphosphopyridine nucleotide (TPNH) and Mn+ require- 
ments have been demonstrated. TPN is reduced to TPNH by CF in 
this system. 
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5. The formyl group of CF is converted to a hydroxymethy] group by 
TPNH after first undergoing an ATP-dependent reaction. The formy] 
group of N'°-formyltetrahydrofolic acid is converted to a hydroxymethyl] 
group by TPNH without first undergoing an ATP-dependent reaction. 
The formyl group of N?°-formylfolic acid is poorly converted to a hy- 
droxymethy] group by this system. 

6. CF disappearance and ATP disappearance (above the apyrase back- 
ground rate) are roughly stoichiometric, 2 orthophosphate molecules arising 
for each CF molecule disappearing. N?'°-formyltetrahydrofolic acid also 
causes increased ATP consumption. 

7. A general mechanism for the conversion of CF to N!°-hydroxymethy]- 
tetrahydrofolic acid is presented. 


Addendum— After further purification, the CF-utilizing system was separated into 
two fractions, one of which converts CF to a compound with an absorption maxi- 
mum at 343 mu. Huennekens (personal communication) has also observed the en- 
zymatic formation from CF of a compound absorbing light in this region. In view 
of a recent report by Rabinowitz and Pricer (21), anhydrocitrovorum factor or a 
closely related derivative appears to be an intermediate in the conversion of CF to 
N’°-formyltetrahydrofolie acid. 
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ENZYMES ESSENTIAL FOR THE BIOSYNTHESIS OF NUCLEIC 
ACID GUANINE; INOSINE 5’-PHOSPHATE DEHYDROGENASE 
OF AEROBACTER AEROGENES* 
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Previous studies on purineless mutants of Aerobacter aerogenes have 
shown that a guanineless mutant, strain P-14, which accumulates xantho- 
sine in its culture fluids, lacks the ability to produce nucleic acid guanine 
either by synthesis de novo or from adenine, but is capable of synthesizing 
nucleic acid adenine from small precursors (2-4). These results appeared 
to implicate a derivative of xanthosine as an obligatory intermediate in 
the formation of nucleic acid guanine from a common purine precursor,' 
presumably I5’P (2, 5, 6). The present communication describes the iso- 
lation and properties of ‘‘I5’P dehydrogenase,” an enzyme catalyzing the 
oxidation of I15’P to X5’P, and demonstrates the obligatory role of this 
enzyme in the synthesis of nucleic acid guanine. A similar oxidation of 
I5’P to X5’/P has recently been observed in rat bone marrow (7) and in 
pigeon liver (8). The conversion of X5’P to GA’P is treated in the sueceed- 


ing paper (9). 
Materials and Methods 


Bacteria—Aerobacter aerogenes, strain 1033, and the purineless mutant 
strain PD-1 and guanineless mutant strain P-14 derived from it have been 
described in a previous communication (3). scherichia coli, strain R-257, 
a mutant requiring guanine or xanthine for growth, and Salmonella typhi- 
murium, strain Gu-l, a guanineless mutant accumulating xanthosine in 
its culture medium, were obtained through the courtesy of Dr. Joseph 


* This work was supported in part by an Institutional Grant to Harvard Uni- 
versity from the American Cancer Society, by a research grant (No. G-3554) from 
the United States Public Health Service, by a research grant (No. NSF-G1295) from 
the National Science Foundation, and by funds received from the Eugene Higgins 
Trust. A preliminary report describing a portion of this work has been published 
(1). 

t Present address, Department of Biological Chemistry, University of Michigan, 
Ann Arbor, Michigan. 

1The following abbreviations are used: G5’P, guanosine 5’-phosphate; I5’P, 
inosine 5’-phosphate; X5’P, xanthosine 5’-phosphate; DPN*, diphosphopyridine 
nucleotide; DPNH, reduced diphosphopyridine nucleotide; TPN*, triphosphopyri- 
dine nucleotide; and Tris, tris(hydroxymethyl)aminomethane. 
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Gots. The organisms were maintained with occasional transfer on yeast 
extract-tryptone-agar slants. The methods of cultivation have been de- 
scribed previously (3). 

Chemicals—The disodium salt of I5’P and DPNH (Sigma Chemical 
Company), dihydroxyacetone and protamine sulfate (Nutritional Bio- 
chemicals Corporation), and DPN+t (Pabst Brewing Company) were com- 
mercial preparations. Xanthine-2-C' was prepared by the deamination 
of guanine-2-C'* (Isotopes Specialties Company, Inc.) with nitrous acid; 
xanthine-8-C' was a gift of Dr. M. Earl Balis. Calcium phosphate gel 
was prepared according to the method of Sumner and O’Kane (10). 

Analytical Methods—The chromatography on paper of purine bases and 
nucleosides, the isolation of xanthosine from culture fluids, and the deter- 
mination of radioactivities have been previously described (2, 4). Nucleo- 
tides were separated by gradient elution from a Dowex 2-acetate column 
(11) and by electrophoresis on filter paper (12). The uptake of periodate 
was determined by microtitration with arsenious acid (13); phosphorus was 
estimated according to Fiske and Subbarow (14) and pentose bv reaction 
with orcinol (15). Protein was determined turbidimetrically (16) or by 
ultraviolet extinction at 280 and 260 muy (17). 

Enzyme Assay—The oxidation of I5’P was followed by observing the 
increase in optical density at 290 my due to the formation of X5’P, or by 
observing the increase in optical density at 340 my due to the formation 
of DPNH. The arbitrary unit of I5’P dehydrogenase activity was de- 
fined as an increase in optical density of 0.100 per minute at 340 mu meas- 
ured in cuvettes with a light path of 10 cm. The assay system is de- 
scribed in Table ITI. 


Results 
Xanthosine 5'-Phosphate 


Enzymatic Synthesis—Preliminary experiments demonstrated an enzyme 
capable of reducing DPN* in the presence of J5’P, NHy4*t, and cysteine 
in extracts prepared from A. aerogenes, strain 1033, by sonic disruption of 
the cells, followed by precipitation with half saturated acidic ammonium . 
sulfate, dialysis against tap water, and removal of inactive protein and of 
nucleic acid with protamine sulfate (see below). The activity could be 
increased 4-fold by collecting the protein precipitated between 20 and 30 
per cent ammonium sulfate saturation of the supernatant solution from the 
protamine treatment. 

To produce an amount of the oxidation product sufficient for character- 
ization, an extract of A. aerogenes, strain 1033, grown on 0.2 per cent glyc- 
erol as the sole source of carbon, was used (18). Such extracts contain a 
DPN?-linked glycerol dehydrogenase (19) not found in glucose-grown 
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cells. It was therefore possible to couple the oxidation of 15’P by cata- 
lytic amounts of DPN* to the reduction of dihydroxyacetone. The reac- 
tion mixture contained 0.6 ml. of the 20 to 30 per cent ammonium sulfate 
fraction (5.6 mg. of protein), 17.6 uwmoles of I5’P, 5.4 umoles of DPN?+, 
30 umoles of dihydroxyacetone, 10.8 umoles of cysteine, and 90 umoles of 
(NH,4)2SO, in a total volume of 9 ml. of 0.01 m glycylglycine buffer, pH 8.3. 


E, 250mu E, 250 my 
4 T T T T 250 
1.9 3.5 1.0 R 275 mu 
3L 4=3 
42 
4) 
10 20 30 40 660 70 
TUBE 
H,0 0.6M NH, Ac _ NH, Ac 
pH 6.0 pH 4.5 


Fic. 1. Gradient elution of reaction products from a Dowex 2-acetate column. 
The Dowex 2 (200 to 400 mesh)-acetate column was 11.5 em. XK 2.5 sq.cm. 5 ml. 


samples were collected. R 575 my is the ratio of extinction at 250 and 275 mug. 


After incubation at 37° for 1 hour, the mixture was deproteinized by re- 
peated shaking with chloroform-octanol, 9:1. 

Isolation—The protein-free solution was passed over a Dowex 2-acetate 
column and the adsorbed ultraviolet-absorbing compounds fractionated by 
gradient elution with an ammonium acetate solution, as shown in Fig. 1. 
The contents of the tubes comprising each of the three bands were pooled, 
evaporated to dryness in vacuo from the frozen state, and the ammonium 
acetate was removed by sublimation. The residues were dissolved in 
small volumes of water and subjected to paper chromatography in n-buta- 
nol, diethylene glycol, water, and in KH2PO,, zso-amyl alcohol, and to 
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paper electrophoresis in 0.05 mM phosphate buffer at pH 7.0. The first band 
was found to contain largely DPN*, as well as some hypoxanthine and 
inosine. The second band consisted of 9.8 umoles of unchanged I5’P, 
identified by its ultraviolet spectrum. The third band contained a single 


TABLE I 
Composition of Enzymatic Product 


Mole per mole of product* 


Compound 
Found Theoretical 
Periodate reactive.......................... 1.06 1 


* Calculated from extinction at 275 my as xanthosine. 


TABLE II 
Properties of Enzymatic Product 
Ultraviolet extinction Electrophoretic mobility* 
Compound 
Maxima, |Minima, H Observed, cm. | Calculated, cm. 

my my Pp x hr.7 (a) (b) 
Preemet..........0. 248,277 | 265 7.0 18.7 19.5 
Xanthosine........ 248,278 | 265 7.0 
Hydrolyzed prod- 

261 | 243 1.0 0.48 | 0.12 

Xanthine.......... 260 | 242 | 1.0 0.49 | 0.12 


* In 0.05 m phosphate buffer, pH 7.0, at 39 volts per cm. calculated for X5’P with 
reference to the observed mobility of 15’P (12.6 cm. X hr.—!), assuming two negative 
charges for I5’P (pK 3.4 and 7, phosphate; pK 8.3, inosine) and three negative charges 
for X5’P (pK 3.4 and 7, phosphate; pK 6.0, xanthosine). 

t (a), 5 per cent aqueous KH2PO,, saturated with 7iso-amyl alcohol. (6) n-butanol, 
diethyleneglycol, and water, 3:1:1, with NH; in the gas phase. 

t In n HCI at 100° for 60 minutes. 


acidic ultraviolet-absorbing compound whose spectrum was identical with 
that of xanthosine. 

Identification (Tables I and IT)—The composition, ultraviolet spectrum, 
and electrophoretic mobility of the compound indicate it to be a mono- 7 
phosphate ester of xanthosine; the uptake of 1 mole of periodic acid per 
mole of nucleotide places the phosphate group in position 5 of the pentose 
moiety. The product of the enzymatic oxidation of I5’P is thus identified 
as X5’P. 
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Production with Purified I5'P Dehydrogenase—X5’P was prepared in 
larger amounts by use of the purified I5’P dehydrogenase described below. 
The reaction mixture contained 15 mg. of I5’P dehydrogenase (Table IV, 
Step 6), 1.5 mg. of glycerol dehydrogenase, prepared from glycerol-grown 
A. aerogenes according to the method of Burton (20), 750 umoles of 
I5’P, 5 umoles of DPN*, 1500 umoles of dihydroxyacetone, 20 umoles of 
glutathione, 200 umoles of KCl, 10 umoles of KF, 500 umoles of Tris, pH 
8.55, and water to a total volume of 6.0 ml. The mixture was incubated 
at room temperature for 2 hours, deproteinized, and fractionated over a 
Dowex 2-acetate column as described above. The fraction containing 
the X5’P was stirred with 2 gm. of charcoal (Darco 60) for 15 minutes, 
resulting in the quantitative adsorption of the X5’P to the charcoal. The 
charcoal was washed free from ammonium acetate with distilled water; 
X5’/P was eluted by stirring the charcoal for several hours in 100 ml. of an 
aqueous solution containing 70 per cent ethanol and 10 per cent concen- 
trated ammonium hydroxide. The eluate was evaporated in vacuo to 
about 10 ml. and 2 equivalents of NaOH were added per mole of X5’P 
(estimated spectrophotometrically). The material was dried in vacuo 
from the frozen state. 87 mg. of solids were recovered containing 80 per 
cent X5’P, based on ultraviolet extinction and assuming no water of hydra- 
tion to be present. 


Distribution of Dehydrogenase 


The presence of the enzyme could be demonstrated in extracts of the 
wild strain of A. aerogenes as well as in extracts of a non-exacting purineless 
mutant and of guanineless mutants; the enzyme was not found in extracts 
of a mutant with an alternative requirement for guanine and xanthine 
(Table III). It is of interest that 
produce much more enzyme than the other strains heir enzyme level 
appears to depend markedly on the guanine content of the growth medium 
(Fig. 2). An increase in the guanine concentration of the medium beyond 


5 mg. per liter, the amount required for approximately half maximal 
growth, severely restricts the formation of the enzyme.’ 


Purification of I5'P Dehydrogenase 


Growth of Cells—The guanineless mutant A. aerogenes, strain P-14, which 
produces about 40 times as much enzyme as the wild strain when grown on 
limiting guanine, was used as the starting material for enzyme purification. 
The growth medium contained 13.6 gm. of NasHPO,- 12H2O, 12.6 gm. of 


? Experiments conducted in collaboration with Mr. Alfred Levin show that I5’P 
dehydrogenase formation by A. aerogenes, strain P-14, begins when the growth rate 
has been markedly reduced by depletion of guanine in the medium. 
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KH:PO,, 0.4 gm. of MgSO.-7H;0, 0.02 gm. of CaCls, 2.0 gm. of vitamin- | 
free Casamino acids (Difco), 5 mg. of guanine, and 20 gm. of glycerol per 


TABLE III 

Distribution of 15'P Dehydrogenase 

Organism Nutritional requirements 
A. aerogenes, 1033 None 0.04 
1 we PD-1 Purines or 4-amino-5-imidazolecar- 0.04 

boxamide 

E. coli, R-257 Xanthine or guanine | 0.00 
A. aerogenes, P-14* Guanine 1.13 
S. typhimurium, Gu-1* ” 1.07 


The bacteria were grown in minimal media to which an amount of the required 
nutrilite sufficient for about half maximal growth had been added (3). The extracts 
were prepared as described in the text (‘‘Purification of 15’P dehydrogenase, Step 
1’). I5’P dehydrogenase was determined by following the increase in optical den- 
sity at 340 muy, due to the formation of DPNH; each cuvette contained 100 umoles 
of Tris buffer, pH 7.55, 5 umoles ofglutathione, 3 umoles of I5’P, 2.5 umoles of DPN*, 
100 umoles of KCl, enzyme, and water to 3 ml.; temperature, 25°. 

* Accumulates xanthosine. 
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Fic. 2. Effect of guanine concentration on growth and I5’P dehydrogenase pro- 
duction by A. aerogenes, strain P-14. Cells were grown in a minimal medium con- 
taining the indicated amount of guanine, and extracts were prepared as described in 
the text (‘‘Purification of I5’P dehydrogenase,’”’ ‘‘Growth of cells,’’ and ‘‘Step 1”’). 
Extracts were assayed for I5’P dehydrogenase as described in Table III. 


liter, sterilized at 120° for 15 minutes. The inoculum, containing about 
10° organisms per ml., was prepared by suspending the cells from a yeast 
extract-tryptone-agar slant culture grown at 37° for 24 hours in sterile 
distilled water. 0.5 ml. of this suspension was added to 1 liter of the 
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medium contained in a 2 liter Erlenmeyer flask. The flasks were shaken 
on a rotary shaker at 37° for 16 hours. 

Step 1. Extraction—The cells from 24 liters of culture were collected by 
centrifugation in a steam-driven supercentrifuge (Sharples), and washed 
three times with 200 ml. portions of 0.03 m potassium phosphate buffer, 
pH 7.40. In a typical experiment 40 gm. of cell paste were obtained. 
The cells were suspended to a volume of 400 ml. with 0.03 m potassium 
phosphate buffer, pH 7.40. All subsequent operations were carried out at 
a temperature between 0-4°; for the centrifugations a high speed angle 
centrifuge (Servall) at 14,500 r.p.m. was used. The cells were disrupted 
by subjecting 25 ml. batches of the suspension to sonic vibration in a 10 
ke. magnetostrictive oscillator (Raytheon) for 6 minutes. Intact cells 
and larger subcellular particles were removed by centrifuging for 15 min- 
utes. 

Step 2. Removal of Nucleic Acid and Inactive Protein—23 ml. of 2 per 
cent protamine sulfate were added slowly to 385 ml. of extract. The pre- 
cipitate was removed by centrifuging for 10 minutes and was discarded. 

Step 3. First Ammonium Sulfate Precipitation—303 ml. of ammonium 
sulfate solution saturated at 0° were added to 388 ml. of the supernatant 
solution from Step 2 with stirring. The precipitate was collected after 1 
hour by centrifuging for 15 minutes. It was dissolved in distilled water to 
give a volume of 29.3 ml. 

Step 4. Adsorption of Inactive Material with Calcium Phosphate Gel—29.3 
ml. of the enzyme solution were mixed with 15 ml. of calcium phosphate 
gel containing 19 mg. of solids per ml. The mixture was stirred for 30 
minutes and the gel removed by centrifugation and discarded. This 
treatment did not result in a significant increase in specific activity but was 
found to be necessary for the success of the subsequent steps. 

Step 5. Second Ammonium Sulfate Precipitation—16.5ml. of ammonium 
sulfate solution saturated at 0° were added to 41.3 ml. of the enzyme solu- 
tion from Step 4. At the end of 1 hour, the precipitate was sedimented by 
centrifuging for 15 minutes and discarded. 4.8 ml. of the saturated am- 
monium sulfate solution were then added to the supernatant fluid and the 
mixture was held at 4° for 16 hours. The precipitate which had formed 
during this time was collected by centrifugation, dissolved in a small vol- 
ume of distilled water, and dialyzed for 16 hours against 1 liter of distilled 
water. 

Step 6. Gel Adsorption and Elution—8.0 ml. of the dialyzed enzyme 
solution were mixed with 0.72 ml. of 0.50 m potassium phosphate buffer, 
pH 6.52, and 1.74 ml. of caleium phosphate gel. The mixture was stirred 
for 30 minutes, the gel collected by centrifugation, and washed twice with 
10 ml. portions of distilled water. The adsorbed enzyme was eluted by 
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stirring the gel in 4.0 ml. of 0.05 m potassium phosphate buffer, pH 7.40, © 
for 30 minutes. 

Summary—tThe purification procedure which resulted in a 60-fold in- 
crease in the specific activity of the enzyme is presented in Table IV. The 


TABLE IV 

Summary of Purification Procedure | 
Specific 

Step Volume, Activity, Protein, activity, 

No. ml. units mg. units per mg. — 
protein 

1 Extraction 385 6560 | 5790 1.13 
2 Protamine 388 6740 2900 2.32 
3 Ist (NH,4)2SO, ppt. 29.3 8760 922 9.50 
4 Gel adsorption 41.3 8750 763 11.45 
5 2nd (NH,)2SO, ppt. 8.0 4000 137 29.20 
6 Gel adsorption and elution 4.0 928 13.1 70.80 


See Table III for the method of enzyme assay. 


4 0.0. 290 mp PER MIN. 


7.5 80 8.5 

pH 

Fic. 3. Effect of pH on the rate of I5’P oxidation. Activity was determined — 

by following the increase in optical density at 290 my due to the formation of X5’P. 

Each cuvette contained 100 uwmoles of glycylglycine buffer, 0.9 umole of I5’P, 1.0 

umole of DPN*, 30 umoles of KCI, 5 umoles of glutathione, 0.10 ml. of enzyme (170 y 

of protein), and water to 3.0 ml.; temperature, 25°. 


apparent increase in total activity in Step 3 is probably due to the removal 
of a DPNH oxidase. 


Properties of 15'P Dehydrogenase 


Stability—The purified enzyme could be stored at —17° for several 
months without loss of activity. 

Effect of pH—The enzyme is most active at pH 8.1. <A change in either 
direction sharply diminishes the rate of the reaction (Fig. 3). 
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Substrate Specificity and Affinity—The enzyme acts on I5’P but not on 
hypoxanthine or inosine. It reduces DPN* but not TPN*+. K+ or NH,* 
is required for activity; Nat is not inhibitory at 10 times the concentra- 
tion of K+. Glutathione usually stimulates the activity 3-fold, but some 
preparations were completely inactive without it. Cysteine can replace 
glutathione with the same molar efficiency but will not support a linear 
rate of I15’P oxidation beyond the first few minutes, presumably because 
of its instability at alkaline pH. The substrate constants of the enzyme 
are summarized in Table V, and show its relatively poor affinity for DPN*. 


TABLE V 
Components of I5'’P Dehydrogenase System 
Component | Substrate constant 


K, (substrate constant) for I5’P was determined in a reaction mixture containing 
300 wmoles of Tris buffer, pH 7.8, 5 uwmoles of glutathione, 4 mg. of (NH,4)2SO,, 2 
umoles of DPNt, 0 to 2.0 umoles of 15’P, 0.26 mg. of protein, and water to 3.0 ml.; 
temperature, 25°. K, for DPN* was determined in a reaction mixture containing 
300 umoles of Tris buffer, pH 7.8, 5 umoles of cysteine, 4 mg. of (NH4)2SOx,, 0 to 2.0 
umoles of DPN*, 3 umoles of I5’P, 0.26 mg. of protein, and water to 3.0 ml.; tempera- 
ture, 25°. K, for K* ions was determined in a reaction mixture containing 100 
umoles of Tris buffer, pH 8.55, 5 umoles of glutathione, 0 to 100 umoles of KCl, 2.5 
umoles of DPN*, 1.5 umoles of I15’P, 0.15 mg. of protein, and water to 3.0 ml. A, 
for glutathione was determined in a reaction mixture containing 300 umoles of Tris 
buffer, pH 8.55, 0 to 15 umoles of glutathione, 100 uwmoles of KCI, 2.0 umoles of DPN*, 
1.5 umoles of I5’P, 0.15 mg. of protein, and water to 3.0 ml.; temperature, 25°. Rate 
determinations were made by observing the increase in optical density at 340 mu due 
to the formation of DPNH. 


The affinity of the enzyme for I15’P and DPN? does not depend upon the 
level of glutathione. 

Apparent Irreversibility—I5’P is completely oxidized to X5’P even at a 
low pH, unfavorable for the rate of the reaction (Table VI). Addition of 
DPNH in 10-fold excess over DPN* did not affect the rate or the extent 
of the reaction. After incubation of X5’P and DPNH with the enzyme, 
not a trace of I5’P or DPN* could be detected. The equilibrium of the 
enzymatic reaction appears to be overwhelmingly in favor of X5’P forma- 
tion. 

The irreversibility of this enzymatic step in the intact cell could be 
demonstrated by the use of C'-labeled xanthine. The guanineless mutant 
P-14 which is unable to convert X5’P to G5’P (9) fails to convert exogenous 
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xanthine to nucleic acid adenine, a product of 15’P metabolism (3, 21), 
but excretes it as xanthosine (Table VII). The purineless mutant PD-1 


TaBLE VI 
Conversion of 15’P to X5'P 


Experiment | Additions pH | added, XS'P formed, 

1 | Icnzyme, 1.35 mg. 5.50 | 0.25 0.23 
DPN?*, 1.0 umole | 
k-inzyme, 0.27 mg. 6.65 | 0.25 0.23 
DPN*, 1.0 umole | 
Enzyme, 0.135 mg. 0.25 
DPN?*, 1.0 umole | 

2 : enzyme, 0.54 mg. 7.20 ! 0.30 0.30 
DPN*, 0.30 umole | 
Iinzyme, 0.54 mg. 7.20 0.30 0.30 


DPN*, 0.30 umole | 
DPNH, 0.30 umole | | 
I:inzyme, 0.54 mg. 7.20 | 0.30 | 0.30 
DPN?*, 0.30 umole | | 
| DPNH, 3.0 uwmoles | | 
Each cuvette contained, in addition to the indicated reactants, 150 uwmoles of 
phosphate buffer, 60 wmoles of KCI, 5 umoles of glutathione, and water to 3.0 m1.; 
temperature, 25°. In Experiment 1 reaction was complete after 14 minutes, and in 
Experiment 2 after 20 minutes. 


TaBLe VII 
Conversion of Exogenous Xanthine to Purines 


Relative specific activity of isolated purines 


Strain | Supplement, 8 mg. per ml. 
| | Adenine Guanine | Xanthine* 
PD-1t |  Xanthines-ce | 108 103 
| 0 27 
| 0 | 0 | 14 


| Xanthine-2-C™ 


* From the xanthosine isolated from the medium. 
7 Purineless. 
t Guanineless. 


derives all of its adenine from the xanthine fed, presumably by way of 
G5’P (22). 


DISCUSSION 


The experiments presented in this paper show clearly that A. aerogenes 
and related bacteria possess the enzymatic equipment for converting 
I5’P to X5’P by the accompanying apparently irreversible reaction. 
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On On 
4 
N C-Ny + + N C- 
+ Kor NHg Ny + 
H- + CH +OPNH+H 
Rib-5-P Rib-5'-P 
I5'P x5'P 


It is not known whether the addition of water occurs before or after the 
transfer of hydrogen from position 2 of the purine ring to DPNt. The 
requirement of the enzyme for a sulfhydryl compound (glutathione or 
cysteine) might indicate a reaction mechanism analogous to the one 
postulated for the oxidation of aldehydes by glyceraldehyde phosphate 
dehydrogenase (22): attachment of I5’P to the enzyme by the addition of a 
sulfhydryl group on the enzyme surface across the double bond between 
C-2 and N-3 of 15’P, followed by the dehydrogenation of the complex by 
DPN? and finally the hydrolytic cleavage of the carbon-sulfur bond. 

The obligatory role of I5’P dehydrogenase in the biosynthesis of nucleic 
acid guanine is indicated by the distribution of the enzyme in purineless 
mutants (Table III). The only organism in whose extracts I15’P dehydro- 
genase could not be demonstrated is EF. coli, strain R-257, which requires 
xanthine or guanine and cannot grow on hypoxanthine or adenine. Ap- 
parently, in the absence of the enzyme, synthesis of 2-substituted purines, 
either de novo or from other purines, cannot be achieved. The highest 
levels of I5’P dehydrogenase were observed in guanineless mutants lacking 
the enzyme necessary for the conversion of X5’P to Gd’P (9). The in- 
creased production of the dehydrogenase which occurs after the guanine 
has been exhausted from the medium? is responsible for the excretion of 
large amounts of xanthosine (2). The levels of 15’P dehydrogenase in the 
wild strain, 1033, and the non-exacting purineless mutant, PD-1, though 
considerably lower than those of the guanineless mutants, can be calcu- 
lated to be more than adequate to produce the nucleic acid guanine required 
for growth at the observed rate. 

Of particular interest is the apparent irreversibility of I15’P dehydro- 


genase. It implies that area and guanine 
to nucleic acid adenine, which is known to occur in the wild strain and in 
non-exacting purineless mutants (4,28), cannot proceed by the reversal of 
the steps leading from 15’P to Gd’P. The results obtained when labeled 


xanthine was fed to mutants blocked before I5’P, strain PD-1, and after 
X5/P, strain P-14, support this view (Table VII). Strain PD-1 was able 


to transform the xanthine to nucleic acid adenine, whereas strain P-14, 
though rich in I5’P dehydrogenase, could not carry out this transformation 
but converted the exogenous xanthine entirely to xanthosine. 

Recently, results obtained in other laboratories have demonstrated the 
presence of a DPN?*-linked I5’P dehydrogenase in rat bone marrow (7) 


), 
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and in pigeon liver (8), indicating a similar pathway of guanine synthesis _ 
in higher organisms. se 


SUMMARY 


Extracts of Aerobacter aerogenes were found to contain an enzyme 
catalyzing the oxidation of inosine 5’-phosphate in the presence of K+ 
or NHg'*, and of glutathione or cysteine, with DPN? serving as hydrogen 
acceptor. The enzyme, inosine 5’-phosphate dehydrogenase, was purified 
60-fold. The product of the oxidation of inosine 5’-phosphate was iso- 
lated by ion exchange chromatography and identified as xanthosine 5’-phos- 
phate. The apparently irreversible enzymatic reaction was shown to be 
an obligatory step in the biosynthesis of nucleic acid guanine. 


We are indebted to Mrs. Ann Narkin for technical assistance. 
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ENZYMES ESSENTIAL FOR THE BIOSYNTHESIS OF NUCLEIC 
ACID GUANINE; XANTHOSINE 5’-PHOSPHATE 
AMINASE OF AEROBACTER AEROGENES* 


By H. S. MOYED anp BORIS MAGASANIK 


(From the Department of Bacteriology and Immunology, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, October 22, 1956) 


Earlier studies have shown! X5’P to be an obligatory intermediate in the 
biosynthesis of nucleic acid guanine in Aerobacter aerogenes and related 
organisms (2-4). ‘The present paper describes the isolation of X5’P ami- 
nase, the enzyme responsible for the conversion of X5’P to G5d’P, from 
extracts of A. aerogenes, and discusses the mechanism of this reaction and 
its role in purine metabolism. A similar amination of X5’P has recently 
been observed in avian (5) and mammalian (6) tissues. 


Materials and Methods 


Bacteria—The origin and cultivation of the bacterial strains have been 
described in previous papers (4, 7). 

Chemicals—Most of the chemicals used have been described previously 
(4). X5’P was prepared by the method presented in the preceding paper 
(4). A5’PPP and guanylic acid, a mixture of G3’P and G2’P, were ob- 
tained from the Nutritional Biochemicals Corporation, and G5’P from the 
Pabst Brewing Company. A5’P-8-C™ was purchased from the Schwarz 
Laboratories, Inc. Na,P2*O; was prepared by keeping a mixture of 
Na2,HP®#O, (kindly donated by Dr. M. L. Karnovsky) and of NaH2PQO, 
at red heat for 10 minutes. Yeast hexokinase was a gift of Mr. David 
Geller. 

Analytical Methods—Most of the procedures used have been described 
in the preceding paper (4). PP was determined after precipitation with 
MnCl, by the colorimetric method of Flynn et al. (8). 

Enzyme Assay—(a) Reaction mixtures of 0.25 ml. volume were diluted 


* This work was supported in part by an Institutional Grant to Harvard Uni- 
versity from the American Cancer Society, by a research grant (No. NSF-G1295) 
from the National Science Foundation, and by funds received from the Eugene Hig- 
gins Trust. A preliminary report was presented before the American Society of 
Biological Chemists (1). 

1 The following abbreviations are used: A5’P, adenosine 5’-phosphate; A5’PPP, 
adenosine 5’-triphosphate; G5’P, guanosine 5’-phosphate; G5’PPP, guanosine 5’- 
triphosphate; I5’P, inosine 5’-phosphate; X5’P, xanthosine 5’-phosphate; PP, inor- 
ganic pyrophosphate; and Tris, tris(hydroxymethyl)aminomethane. 
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to 3.0 ml. with 3.5 per cent perchloric acid. After removal of precipitated 
protein, G5’P production was estimated from the increase in optical density 
at 290 mu. The molar extinction of G5’P in dilute perchloric acid is 
6.0 X 10°. X5’P, A5’PPP, and A5’P, the other ultraviolet-absorbing com- 
ponents of the reaction mixture, have negligible extinctions at 290 mu 
under these conditions; a similar mixture from which X5’P had been 
omitted served as control. A unit of X5’P aminase activity was defined as 
an increase in optical density of 0.100 after 30 minutes incubation in a 
cuvette with a light path of 1 cm. under the conditions described in Table 
I; it corresponds to the production of 0.05 umole of G5’P in this interval. 
(b) X5’P disappearance was followed by observation of the decrease in op- 
tical density at 290 mu of 1.2 ml. reaction mixtures at pH 8.58 in a cuvette 
with a light path of 1 cm. At this pH the molar extinction of X5’P is 
4.8 X 10° and that of G5’P, 3.3 X 10°; a decrease in optical density of 
0.100 in this system is therefore equivalent to the conversion of 0.08 umole 
of X5’P to Gd’P. Further details of the assay procedures are given in 
Tables I to VII and Figs. 1 to 3, respectively. 


Results 
Distribution of X5'P Aminase 


Extracts of a wild strain of A. aerogenes and of several purineless mutants 
were prepared as described below (‘Purification of X5’P aminase, Step 1’’), 
and tested for their ability to convert X5’P to a guanine derivative. The 
results (Table I) indicate that the wild strain, 1033, and a mutant, PD-1, 
which can grow on any one of the four common purines as well as on 4- 
amino-5-imidazolecarboxamide, are able to carry out this reaction in the 
presence of A5’PPP, Mgt*, and an ammonium salt; this salt could be 
replaced by glutamine or glutamic acid. The enzyme could not be demon- 
strated in extracts of mutants having a specific requirement for guanine. 
The level of enzyme activity seems to depend in part upon the purine 
composition of the growth medium. The highest levels were found in 
extracts of strain PD-1 grown in media containing less than 9 y of adenine 
or guanine per ml., an amount not quite sufficient for maximal growth (7). 
At higher adenine concentrations a progressive decline in enzyme level was 
observed. Strain PD-1, grown in a medium containing 9 y of adenine per 
ml., was therefore chosen as starting material for the purification of the 


enzyme. 


Purification of Aminase 


Growth of Cells—The growth medium contained 13.6 gm. of NazHPO,-- 
12H.0, 12.6 gm. of KH2POs, 0.2 gm. of MgSO,4-7H20, 0.02 gm. of CaCle, 
25 y of thiamine hydrochloride, 9 mg. of adenine, and 20 gm. of (NH4) O04 
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per liter; after sterilization by autoclaving at 120° for 15 minutes, 10 ml. 
of a solution containing 20 gm. of glucose sterilized in the same manner 
were added. The inoculum was prepared by suspending the cells (A. 
aerogenes, strain PD-1) from a yeast extract, tryptone-agar slant culture 
grown at 37° for 24 hours in sterile, distilled water; 0.5 ml. of this suspen- 
sion (about 10° organisms) was added to 1 liter of medium contained in a 2 
liter Erlenmeyer flask, and the culture was incubated with agitation on a 
rotary shaker at 37° for 16 hours. Alternatively, the cells were grown in 
16 liters of the same medium in 20 liter carboys at 35° with aeration by 


TABLE I 
Distribution of X5’P Aminase 


Specific activity of 
Organism Nutritional requirement extracts, units per 
mg. protein 


A. aerogenes, 1033 None 1.1 

ne “ PD-1 Purines or 4-amino-5-imidazolecar- 3.8 
boxamide 

P-14* Guanine 0.0 

0.0 


S. typhimurium, Gu-1* 


The bacteria were grown in minimal media containing enough of the required 
nutrilite for about half maximal growth (7). The extracts were prepared as de- 
scribed in the text (‘‘Purification of X5’P aminase, Step 1’’). Each assay tube con- 
tained 40 umoles of Tris buffer, pH 8.58, 4 umoles of MgCl2, 1.0 umole of A5’PPP, 
0.6 umole of X5’P, 80 umoles of (NH,4)2SQO,, extract, and water to 0.25 ml. Incuba- 
tion was at room temperature for 30 minutes. The reaction mixtures were depro- 
teinized by adding 2.75 ml. of 3.5 per cent perchloric acid. G5’P formation was de- 
termined by measuring the increase in optical density at 290 mp (assay method (a)). 

* Accumulates xanthosine. 


means of a stream of air passing through a sparger at a rate of about 2 
volumes per minute. 

Step 1; Extraction—The cells from 12 liters of medium were collected by 
centrifugation and washed three times with 100 ml. portions of 0.03 m 
potassium phosphate buffer of pH 7.40. In a typical experiment, 17.5 
gm. of cell paste were obtained. The cells were suspended to 175 ml. with 
0.03 m potassium phosphate buffer at pH 7.40. All subsequent operations 
were carried out between 0—4°; for centrifugation at 14,500 r.p.m., a high 
speed Servall centrifuge was used. The cells were disrupted by subjecting 
25 ml. batches of the suspension to sonic oscillation for 6 minutes in a 10 
ke. magnetostrictive oscillator (Raytheon). The extract was clarified by 
centrifuging for 10 minutes. 

Step 2; Protamine Fractionation—Nucleic acid and inactive protein were 
precipitated by slowly adding 9.6 ml. of 2 per cent protamine sulfate solu- 
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tion to 160 ml. of extract. The precipitate was removed by centrifuging — 
for 10 minutes and was discarded. To 158 ml. of the supernatant fluid, 
6.3 ml. of 2 per cent protamine sulfate were added. Nearly all of the — 
enzymatic activity was precipitated. The precipitate was washed with 158 | 
ml. of distilled water and suspended in 15 ml. of distilled water. At this | 
stage it was found that storage of the enzyme at —17° for 24 hours facili- | 
tated subsequent purification. 

Step 3; Fractional Elution of Enzyme from Protamine Precipitate—The © 
suspension was thawed rapidly; the precipitate was collected by centrifug- — 
ing and resuspended in 0.10 m KCl. After 30 minutes of stirring, about | 
half of the enzymatic activity was found in the supernatant fluid. Most — 
of the protein remained insoluble and was removed by centrifuging for 10 | 
minutes. 

Step 4; Ammonium Sulfate Fractionation—14 ml. of an ammonium sul- 
fate solution saturated at 0° were added with stirring to 14 ml. of the 
enzyme solution. After 1 hour, the precipitate was removed by centrifug- — 
ing and 12 ml. of saturated ammonium sulfate solution were added to 28 © 
ml. of the supernatant fluid. After stirring for 1 hour, the precipitate was | 
collected by centrifuging and dissolved in 5 ml. of distilled water. 

Further Purification—The purification achieved in the steps described so 
far and summarized in Table II resulted in a 90-fold increase in the specific 
activity of the enzyme. The purified fraction obtained after Step 4 was 
used in most experiments; it was, however, contaminated with myokinase 
and ammonium salts. Several of the experiments required the removal of 
these impurities; this was accomplished by exhaustive dialysis against 
distilled water, followed by the adsorption of the enzyme to calcium phos- 
phate gel. The gel was washed three times with distilled water, and finally 
the enzyme was eluted from the gel with 0.10 m potassium phosphate buffer, 
pH 7.4, or with 0.25 m Tris buffer, pH 7.80, depending upon whether a 
phosphate-free preparation was desired. The exhaustive dialysis on sev- | 
eral occasions caused the formation of an inactive precipitate, permitting | 
an increase in specific activity to over 2000. In these instances a 300- | 
fold purification was obtained. 

During fractionation, activity did not divide between protein fractions, 
nor was there any indication of the involvement of a dissociable cofactor 


other than Mg**. 


Properties of X5'P Aminase 


Identification of Product As G5'P—The enzyme requires X5’/P, A5’PPP, 
an ammonium salt, and Mg** (K,: 1.93 X 10-%) for activity which is opti- 
mal at pH 8.5. The product formed from X5/P was identified as G5’P 
by its isolation from a reaction mixture (Table III) by adsorption on to a 
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ring TaBLeE II 
oe Purification of X5'P Aminase 
uid, 
the Specific 
Step Volume, Activity, Protein, activity, 
158 No. ml. units mg. units pes mg 
this | 
cili- Fy Extraction 160 =| 18,250 | 2720 6.7 
: 2 Protamine fractionation 15.0 15,440 512 30.1 
The — 3 Elution from protamine 14.0 8,400 48 175.0 
ug- 4 (NH,)2SO, fractionation 4.0 7,050 11.5 613.0 
out See Table I for the assay method. 
ost 
TaBLeE III 
Conversion of X5’'P to G5'P 
Reactants | Products 
pmoles | pmole 
SO | The reaction mixture also contained 40 umoles of Tris buffer, pH 8.58, 4.0 umoles 
fic of MgClz, 0.03 ml. of enzyme (607 of protein), and water to0.50ml. Incubation was 
‘as at room temperature for 30 minutes. See the text for details of analysis. 
of TaBLE IV 
st Identification of Enzymatic Product 
| ‘ 
y Compound 
250 my 280 my 
| Cm. X Rr 
G3’P 
0.25 
G5’P 1.09 0.74 6.6 0.29 
Enzymatic product 1.15 0.78 6.6 0.29 
S, 


* Whatman No. 3 filter paper was used with 0.04 M potassium citrate, pH 2.52: 
or at 39 volts per cm. 

t Whatman No. 3 filter paper was used; the solvent consisted of 10 volumes of iso- 
butyric acid and 6 volumes of 0.6 N NH,OH. Ascending chromatography was used. 


Dowex 2-formate column and gradient elution with formic acid (9). The 
4 enzymatically prepared G5’P was found to have the same spectrum, elec- 
trophoretic mobility, and Ry values as a commercial sample of G5’P (Table 
IV). 
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Stoichiometry—The products of the reaction were identified and esti- 
mated quantitatively in the experiment summarized in Table III. The 
nucleotides, contained in an aliquot of the reaction mixture, were separated 
by electrophoresis on Whatman No. 3 paper impregnated with 0.04 m 
potassium citrate buffer, pH 2.52, at 5000 volts for 1 hour. The ultra- 
violet-quenching areas, whose position corresponded to that of A5’P and 
Gd’P, were cut out and eluted with 4.0 ml. volumes of 0.1 mM potassium phos- 
phate buffer, pH 7.04. Spectroscopic examination of these eluates in the 
ultraviolet region confirmed the identity of the products with G5’P and 
A5’P and served for their quantitative estimation. 

The reaction mixture did not contain inorganic P, but the formation of 
an amount of PP equivalent to that of A5’P could be demonstrated by 
precipitation with MnClo., followed by colorimetric estimation (8). 

The results indicate that, in the presence of excess A5’/PPP and ammonia, 
X5’P is quantitatively converted to Gd’P with the formation of equimolar 
amounts of A5’P and PP. The potassium fluoride included in the reaction 
mixture inhibits the action of a contaminating pyrophosphatase; further 
purification of the enzyme, as described above, removes a large portion of 
this enzyme, so that even in the absence of potassium fluoride PP rather 
than inorganic phosphate accumulates. 

Amino Donor—Crude bacterial extracts can use glutamic acid, gluta- 
mine, or ammonium sulfate as the source of the amino group of G6d’P. 
Glutamic acid fails to function as amino donor after the first purification 
step. The ability of the extracts to function with glutamine decreases 
with purification, and finally only an ammonium salt will serve (Table V). 
The ammonium acetate concentration required for half maximal rate at 
pH 7.15 is 12.6 times as great as that required at pH 8.35 (Table VI). 
At these pH values and ammonium acetate concentrations, the levels of 
NH; are nearly equal. If the free base, NH3, serves as amino donor, 
rather than the ion, NH;*, then the substrate constant for ammonium 
acetate should vary with pH according to the term (1 + H*+/Kgys), in which 
Kus 1s the acid dissociation constant of NH,t (10). The experimentally 
determined ratio of substrate constants at pH 7.15 and 8.35 of 12.6 is in 
good agreement with the calculated ratio of 14.1. It appears, therefore, 
that free NH; is the amino donor for the amination of X5’P by the bac- 
terial enzyme. 

Inhibition by Hydroxylamine—Hydroxylamine is a potent inhibitor of 
X5’/P aminase. Preincubation of the enzyme with 0.003 m hydroxylamine, 
A5’PPP, X5’P, and MgCl. caused complete inhibition. Without prein- 
cubation, the inhibited state was only gradually attained. Omission of 
X5’/P and A5’/PPP, singly or together, from the reaction mixture during 
preincubation markedly reduced the extent of the inhibition (Fig. 1). 


j 
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Addition of fresh enzyme to a reaction mixture which had been in the 
inhibited state for 16 minutes initiated rapid X5’P amination. The 
incubation of enzyme, Ad’/PPP, X5’P, MgCle, and hydroxylamine does 
not result in the production of a hydroxamic acid, PP, inorganic orthophos- 
phate, or of additional ultraviolet-absorbing compounds; no change in the 


TABLE V 
Comparison of Glutamine and Ammonium Sulfate As Amino Donors 


| G5’P formation, wmoles per mg. protein 
Enzyme fraction | 
| + glutamine + (NH4)2SO4 


The same method of assay as in Table I was used, except that each tube contained 
either 4 umoles of (NH4)2SO, or 8 umoles of glutamine. 


TABLE VI 
Effect of Ammonium Acetate Concentration on Rate As Function of pH 


Concentration for half maximal rate, mM X 103 


pH 
CH;COONHs 
7.15 111.0 0.96 
8.35 8.8 0.85 


Each cuvette contained 40 umoles of Tris buffer of the indicated pH, 12.5 umoles 
of MgClo, 1.5 umoles of A5’PPP, 0.30 umole of X5’P, 0 to 200 umoles of ammonium 
acetate, 0.05 ml. of enzyme (100 y of protein), and water to 1.2 ml. The rates of 
reaction were determined by following the decrease in optical density at 290 mp due 
to X5’P disappearance (assay method (b)). Incubation was at room temperature. 

* Free ammonia concentrations listed were calculated from the pKb of NH,OH, 
pH of the reaction mixture, and the ammonium acetate concentration calculated to 


permit half maximal rate. 


levels of A5’PPP or X5’P could be demonstrated. These observations 
suggested the inhibitory activity of hydroxylamine to be the result of a 
reaction between hydroxylamine and enzyme, dependent on A5’PPP and 
X5’P; in that case the presence of hydroxylamine should no longer be re- 
quired for inhibition, once the inhibited state had been established. To 
prove the correctness of this assumption, advantage was taken of the 
ability of diacetyl to react rapidly with hydroxylamine to produce a com- 
pound which does not inhibit X5’P aminase; the activity of the inhibited 
enzyme could not be restored by the addition of diacetyl (Table VII). 
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Further support for the assumption that the enzyme is irreversibly in- | 
activated by reacting with hydroxylamine comes from the observation that — 
the rate of increase of inhibition follows first order kinetics (Fig. 2) and is 
not affected by the concentration of (NH4).SO, (Fig. 3). 

An attempt was made to discover the role of A5’PPP in the reaction be- — 
tween enzyme and hydroxylamine. The highly purified enzyme, having | 
been freed from all but traces of ammonia by adsorption and elution from © 


0.08 


o 


-4 0.0. at 290 mu 


oO 


O 2 8 10 12 22 24 26 28 
MINUTES 

Fic. 1. Inhibition of X5’P aminase by hydroxylamine. The reaction mixtures 

contained 60 umoles of Tris buffer, pH 8.58, 15 umoles of MgCl», 1.5 umoles of A5’PPP, 

0.30 umole of X5’P, 80 umoles of (NH,4)2SO,, 3.6 umoles of NH2OH, 0.01 ml. of en- 

zyme (307 of protein), and water to1.2ml. The following variations were employed: 

O, complete system; @, no NH.OH; O, A5’PPP, added at (a); @, X5’P, added at 

(a); X, A5’PPP, and (NH,4)2SO, added at (a); A, X5’P and (NH,4)2SO, added at (a); 

A, (NH,)2SO, added at (a), enzyme added again at (b). Incubation was at room 

temperature. The reaction was followed by observing the decrease in optical density 
at 290 my due to disappearance of X5’P. 


the gel, was incubated with A5’PPP, X5’P, and MgCl. for 10 minutes; 
the A5’PPP was destroyed by addition of hexokinase and a slight excess 
of glucose; hydroxylamine was added, followed 10 minutes later by diacety], 
ammonium acetate, and additional A5’PPP. The observed inhibition did 
not exceed that of a control preincubated without A5’PPP. Apparently 
the actual presence of A5’PPP is required for the reaction between enzyme 
and hydroxylamine. 

Apparent Irreversibility—In an attempt to clarify the mechanism of the 
enzymatic reaction, a number of experiments with A5/P-8-C™ (74,800 
c.p.m. per umole) and with PP® (65,700 c.p.m. per umole) were carried 
out with the highly purified enzyme, free from myokinase; A5’PPP was 
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isolated from the reaction mixtures by electrophoresis on Whatman No. 3 
paper impregnated with 0.04 m citrate buffer, pH 2.52, eluted with water, 
and examined for radioactivity. Alternatively, when PP® was used, 
A5’PPP was adsorbed on to charcoal; its easily hydrolyzable phosphate 


TaBLeE VII 
Effect of Diacetyl (DA) on Hydrozylamine Inhibition 
7 | Additions Optical 
oe density, Per cent 
290 mu inhibition 
a 0’ | 2’ 15’ 17’ per min. 
1 A5’PPP, X5’P, NH;, | Enzyme —0.029 0 
DA | 
X5’P, NHe- | NH; —0.009 73 
| OH, enzyme | 
_A5’PPP, X5’P, NH:2- | DA | NH; —0.010 67 
OH, enzyme | 
2 A5’PPP, X5’P, NH;, Enzyme —0.028 0 
NH:OH, DA | 
A5’PPP, X5’P, NH;, —0.030 0 
DA | 
A5’PPP, X5’P, NH; ” —0.029 0 
A5’PPP, X5’P, NH:2- DA | NH; —0.003 89 
OH, enzyme 
A5’PPP, NH.2OH, en- NH:3, X5’P —0.021 26 
zyme 
X5’P, NH.OH, enzyme NH;, A5’PPP —0.020 29 
NH.OH, enzyme i NH:;, X5’P, A5’- | —0.020 29 
PPP 


Each cuvette contained 80 umoles of Tris buffer, pH 8.58, 15 umoles of MgCl, 
and, as indicated, 1.5 wmoles of A5’PPP, 0.30 umole of X5’P, 1.4 umoles of NH.OH, 
40 nmoles of (NH,4)2SO,, 0.02 ml. of enzyme (40 y of protein), 20 umoles of diacetyl 
(DA), and water to 1.20 ml. Incubation was at room temperature. The reaction 
was followed by observing the decrease in optical density at 290 my due to the dis- 
appearance of X5’P. 


was collected by suspending the charcoal in 2 N HCI at 100° for 10 minutes 
and was examined for radioactivity. 

Incubation of 50 units of enzyme with 0.6 umole of A5d’P-8-C™, 1.56 
umoles of PP®, and 0.6 umole of G5’/P in 0.25 ml. of an aqueous solution 
containing 2.5 umoles of MgCle, 10 umoles of KF, and 10 umoles of Tris, pH 
8.55, at room temperature for 30 minutes, failed to produce any A5’PPP, 
as revealed by lack of radioactivity in reisolated carrier A5’PPP which 
had been added at the end of that period. Similarly, addition of PP* 
(6.24 umoles per ml.) or of A5’/P-8-C'* (2.4 umoles per ml.) to the reaction 
mixture (Table III), or to controls from which X5’P or the ammonium salt 
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Ce | T T T T T 


50+ 0 1.8 


PER CENT INHIBITION 
| 
LOG (1IOO0-PER CENT INHIBITION) 


MINUTES 


Fic. 2. Effect of the length of preincubation on hydroxylamine inhibition. Each 
cuvette contained 30 umoles of Tris buffer, pH 8.58, 15 umoles of MgCl. , 1.5 umoles of 
A5’PPP, 0.3 umole of X5’P, 40 wmoles of (NH,4)2SO,, 1.0 umole of NH.OH, and 0.02 
ml. of enzyme (40 y of protein). 20 uwmoles of diacetyl were added to the reaction 
mixture at the end of the preincubation period, and 2 minutes later the reaction was 
started by the addition of ammonium sulfate, and followed by observing the decrease 
in optical density at 290 mu due to the disappearance of X5’P (assay method (b)). 
Incubation was at room temperature. @, per cent inhibition; ©, log (100 — per 
cent inhibition). 


@-© 0.017 - 
O—O 0.033 M(NH,), SO, _ 


PER CENT INHIBITION 


MINUTES 


Fic. 3. Effect of (NH,)2SO, concentration on development of hydroxylamine 
inhibition. Each cuvette contained 60 umoles of Tris buffer, pH 8.58, 12.5 umoles 
of MgCl2, 1.5 umoles of A5’PPP, 0.30 umole of X5’P, 3 umoles of NH.OH, the indi- 
cated amount of (NH,)2SO,, 0.01 ml. of enzyme, 20 of protein, and water to 1.2 ml. 
NH.OH was omitted in the controls. Incubation was at room temperature. The 
reaction was started with enzyme and followed by observing the decrease in 
optical density at 290 mu, due to X5’P disappearance (assay method (b)). 


| 
3 6 9 | 
60 xo 
@ 
40 7@ 
2 4 6 8 
XUM 


H. S. MOYED AND B. MAGASANIK 361 


had been omitted, did not result in the formation of radioactive A5’PPP, 
although the enzyme was active under these conditions (as shown by the 
formation of G5’P in the complete system), and the bulk of the PP had re- 
mained unhydrolyzed throughout the reaction. 

It may be concluded in view of these observations that the over-all reac- 
tion, as well as the component step in which A5’P or PP is formed from 
AD5/PPP, is virtually irreversible. 


DISCUSSION 


The experimental results presented here demonstrate that A. aerogenes 
contains an enzyme, X5/P aminase, which catalyzes the conversion of X5’P 
to Gd’P according to the accompanying reaction. 


OH | OH 
any 
Mg** N Ny 
HO-G H + AS'PPP +NH,—> H+A5P+PP 
Rib-5'-P Rib-5'-P 
x5'P G5'P 


The cleavage of A5’PPP to A5’P and PP suggested, by analogy with the 
activation of fatty acids (11) and of amino acids (12), the transfer of an 
Ad’/P group from A5’PPP to X5’P. Such a derivative of X5’P would be 
expected to react with hydroxylamine to form a hydroxamic acid; instead, 
it was found that hydroxylamine strongly inhibited the enzymatic reaction 
without giving rise to a new product. The evidence presented earlier 
(Table VII and Figs. 1 and 2) supports the view that hydroxylamine in- 
activates the enzyme by combining with it when both A5’PPP and X5’P 
are present. Accordingly, it may be thought that A5’PPP and X5’P 
react with the enzyme to form an activated complex (presumably with 
the release of either A5’P or PP) which subsequently can either be cleaved 
by NH; to yield Gd’P, PP, or Ad’P, and free enzyme, or can combine with 
hydroxylamine to yield inactive enzyme. If the postulated reaction of 
X5’P aminase with A5’PPP were reversible, it should be possible to demon- 
strate an enzyme-dependent exchange between either A5’P or PP and the 
corresponding group in A5’PPP. However, no incorporation of added 
A5’P-8-C™ or PP® into A5’PPP could be observed; moreover, incubation 
of X5’P aminase with G5’P, PP*®, and A5’P-8-C" failed to produce even 
traces of radioactive A5’PPP. It appears, therefore, that the over-all 
conversion of X5’P to G5d’P, as well as the component step in which A5’PPP 
is split, is virtually irreversible. Consequently, it is not possible to decide 
whether the postulated activation of the enzyme is due to the attachment 
of an A5’P or of a PP group. 
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The amino donor used by the purified bacterial enzyme is NH3, whereas 
amination of X5’P by rat bone marrow extracts requires glutamine (13); 
a more detailed comparison of the bacterial with the avian and mammalian 
enzymes will have to await the elucidation of the manner in which A5’PPP 
is utilized by the latter. 

The essential role of X5’P aminase in the synthesis of nucleic acid guanine 
de novo and from other purines is clearly shown by the specific requirement 
for guanine of mutants lacking this enzyme (Table I); these organisms ex- 
crete xanthosine, derived from X5’P, which they are not capable of aminat- 
ing. 

The observations described here and in earlier papers (2, 3, 4, 7, 14) 
establish the following irreversible pathway for the biosynthesis of nucleic 
acid guanine in A. aerogenes and related organisms: 

NH; 

I5’P > X5’P A5'PPP G5’P — nucleic acid guanine 
I5’P is presumably also the precursor of nucleic acid adenine. It reacts 
with aspartate in the presence of G5’PPP to give succinyladenosine 5’-phos- 
phate (15), which is subsequently cleaved to A5’P and fumarate (15, 16). 
The reciprocal role of G5’PPP and of A5’PPP as energy donors for the 
production of A5’P and of G5’P, respectively, may be one of the mech- 
anisms coordinating the synthesis of nucleic acid purines during growth. 
The conversion of adenine to nucleic acid guanine proceeds via I5’P and 
X5’P, as shown by the fact that it does not occur in mutants lacking either 
I5’P dehydrogenase or X5’P aminase (4, 14). On the other hand, the 
irreversibility of the reactions catalyzed by these enzymes indicates that 
they are not involved in the conversion of guanine to nucleic acid adenine; 
and, indeed, as previously shown, guanine can be converted to nucleic acid 
adenine by a mutant, P-14, which does not possess X5’P aminase (14). 
Preliminary observations suggest that this conversion involves the replace- 
ment of C-2 of guanine by a 1-carbon fragment (17). 


SUMMARY 


An enzyme catalyzing the amination of xanthosine 5’-phosphate by 
ammonia to give guanosine 5’-phosphate was found in extracts of Aero- 
bacter aerogenes and purified 300-fold. The irreversible conversion requires 
magnesium ion and adenosine triphosphate, which is split concomitantly 
into adenosine 5’-phosphate and pyrophosphate. The reaction is inhibited 
by hydroxylamine, which appears to inactivate the enzyme when adenosine 
triphosphate and xanthosine 5’-phosphate are present. The enzyme, 
xanthosine 5'-phosphate aminase, was shown to be essential for the biosyn- 
thesis of nucleic acid guanine. 


We are indebted to Mrs. Ann Narkin for technical assistance. 
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PYRIDINE PRECURSORS OF MOUSE LIVER 
DIPHOSPHOPYRIDINE NUCLEOTIDE* 


By NATHAN O. KAPLAN, ABRAHAM GOLDIN, STEWART R. 
HUMPHREYS, ann FRANCIS E. STOLZENBACH 


(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, and 
the Laboratory of Chemical Pharmacology, National Cancer Institute, National 
Institutes of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, October 23, 1956) 


We have previously reported that a single injection of nicotinamide into 
mice leads to over a 10-fold increase in liver diphosphopyridine nucleotide 
(DPN) (1). The maximal increase in DPN concentration occurred from 
8 to 12 hours after administration of the nicotinamide; this increase is fol- 
lowed by a pronounced decrease, and after 24 hours the DPN level is 
essentially the same as that of the uninjected controls.! 

The fact that the mouse will readily convert nicotinamide into DPN 
led us to investigate other pyridine compounds as possible coenzyme pre- 
cursors. The effectiveness of some pyridine derivatives as DPN pre- 
cursors and as nicotinamide antagonists will be presented in this communi- 
cation. 


Materials and Methods 


The mice were handled experimentally in the same manner as described 
previously (1). DPN was determined by the methy] ethyl ketone-DPNase 
procedure as reported earlier (1). 

3-Acetylpyridine was obtained from the Nutritional Biochemicals Corpo- 
ration and was redistilled prior to use. Pyridyl-3-methylearbinol, pyridyl- 
3-aldehyde, pyridyl-3-carbinol, 8-picoline (3-methylpyridine), monomethyl- 
and monoethylnicotinamide, and dimethylnicotinamide were all obtained 
from the Aldrich Chemical Company, Inc.; diethylnicotinamide was kindly 
supplied by the Ciba Pharmaceutical Products, Inc. Table I gives the 
structures of the compounds used in this study. 


Results 


Effect of 3-Acetylpyridine and Pyridyl-3-methylcarbinol—As_ reported 
previously (3) 3-acetylpyridine, although acting as a potent antagonist of 


* Contribution No. 173 of the McCollum-Pratt Institute. Aided by grants from 
the National Cancer Institute, National Institutes of Health (grant No. C-2374 (C)), 
and the American Cancer Society as recommended by the Committee on Growth of 
the National Research Council. 

' Professor A. Bonsignore of the University of Genoa has called our attention to 
the fact that nicotinamide administration leads to a large increase in DPN in the 
liver of dogs on an adequate diet (2). 
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nicotinamide, will still promote an increase in the liver DPN of the mouse. | 
Table Il compares the activity of nicotinamide and nicotinic acid with © 
3-acetylpyridine and its reduction product (pyridyl-3-methylearbinol) as 
precursors of DPN, when 250 mg. per kilo of the compounds are injected 
intraperitoneally. The data indicate that 3-acetylpyridine and the pvridyl- 


TABLE 


Structures of Compounds Related to Nicotinamide Used in This Study 


Y Name of compound 
N 


NX grouping 


—CO—NH,. Nicotinamide 


—COOH Nicotinic acid 

—CO—CH, 3-Acet vl pyridine 

—CHOH—CH, Pyridvl-3-methylearbinol 

—-CHLOH Pyridyl-3-carbinol 

—CHO Pyridyl-3-aldehyvde 
—CH, B-Picoline | 
—CO—NHCH, NV-MonomethyInicotinamide | 
—CO—NHC2H, NV-Monoethylnicotinamide 
N-DimethyInicotinamide 


—CO—N(C2H;)» N-Diethyl nicotinamide 


TaBLeE 
DPN Precursor Activity in Mice 


DPN, average of 4 fresh livers, y per gm. 


Compound, 250 mg. per kilo intraperitoneally — 


| 5 hrs. after 14 hrs. after 27 hrs. after 
Nicotinamide... 2830 2960 485 
760 1140 505 
2500 2410 429 


3-methylcarbinol are almost as effective as nicotinamide as precursors of 
DPN and much better than nicotinic acid. It was impossible to compare 
the compounds at higher levels because both 3-acetylpyridine and pyridyl- 
3-methylcarbinol are lethal at concentrations of 500 mg. per kilo. 

Effect of Administration of Pyridine-3-aldehyde, Pyridyl-3-carbinol, and 
3-Methylpyridine (8-Picoline)—Table III compares the activity of these 
compounds with that of nicotinamide and nicotinic acid as DPN precursors. 
The animals in this experiment were all sacrificed 4 hours after the injec- 
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tion of the compounds. It is of considerable interest that animals given 
8-picoline (Group IV) show considerably higher levels of liver DPN than 


TaBLeE III 
DPN Precursor Activity in Mice 


| R DPN 4 hrs. after 
Group No Compound | Dose, mg, per ilo | infection, average 
| y per gm. 
I | None | 540 
II Nicotinamide | 500 4500 
III | Nicotinic acid | 500 | 1090 
IV ! 8-Picoline 500 | 2410 
V Pyridyl-3-carbinol 500 | 1100 
VI Pyridyl-3-aldehyde | 500 775 
VII Nicotinamide | 1000 | 5050 
VIII Nicotinamide | 500 | 1205 
+ pvridine-3-aldehyde 500 
IX Nicotinamide 500 
+ nicotinie acid 500 iS 
X Nicotinamide = 1200 
+ pyridyl-3-carbinol | 500 
3000 


PYRIDINE 3ALDEHYDE 
‘ B PICOLINE 


OF DPN/gm. OF TISSUE 
O 


4 
TIME IN HOURS 


Fig. 1. Comparison of rate of synthesis of DPN after injection of 8-picoline or 
pyridine-3-aldehyde. Animals were injected intraperitoneally with 500 mg. per kilo 
of the pyridine compounds. Each point represents the average of four mice. 


animals injected with pyridyl-3-aldehyde, pyridyl-3-carbinol, and_nico- 
tinic acid. The data suggest that 6-picoline conversion to the nicotin- 
amide of DPN may not involve a simple oxidation of the methyl group 
through the aleohol and aldehyde derivatives with formations of nicotinic 
acid and subsequent amination of the carboxyl group. I ig. | presents a 
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comparison of the rate of DPN synthesis from £-picoline and pyridine- 
3-aldehyde. It is evident from the curves that 6-picoline is more rapidly 
converted to DPN than its aldehyde. The decrease in DPN levels ob- 
served with the 8-picoline-treated animals occurs at a much earlier time 
than in animals injected with a corresponding amount of nicotinamide. 
In Table III are also presented experiments in which nicotinamide was 
injected together with an equal amount of different pyridine derivatives. 
Nicotinic acid (Group IX), pyridine-3-aldehyde (Group VIII), and pyri- 


9000 


| 
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2 
1000h 
4 8 12 16 20 24 
TIME IN HOURS | 
Fic. 2. The effect of administration of nicotinic acid together with nicotinamide 
on the synthesis of liver DPN. All animals injected intraperitoneally. Each point 
is the average of three mice. Curve 1, 500 mg. per kilo of nicotinic acid; Curve 2, 
1000 mg. per kilo of nicotinic acid; Curve 3, 500 mg. per kilo of nicotinamide; Curve 4, 
1000 mg. per kilo of nicotinamide; Curve 5, 500 mg. per kilo of nicotinic acid + 500 


mg. per kilo of nicotinamide. 


dyl-3-carbinol (Group X) strongly inhibit DPN synthesis from nicotin- 
amide, even though these compounds individually give some increase in 
DPN. It is of interest to note that the combination of 8-picoline and 
nicotinamide is more toxic than the individual compounds. ‘This pre- 
vented a study of the effect of 8-picoline on the conversion of nicotinamide 
to DPN at the dosage employed (500 mg. per kilo). 

Nicotinic acid inhibition of liver DPN formation from nicotinamide is 
evident over the time-course studied as illustrated in Fig. 2. The effect — 
of nicotinic acid appears to be a general lowering of DPN synthesis. In- 
creasing the concentration of nicotinic acid to 1000 mg. per kilo gives 
slightly higher DPN levels than do 500 mg. per kilo (see Fig. 2, Curves 
1 and 2). 
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We have found that 6-aminonicotinamide, which has recently been re- 
ported to be an antagonist of nicotinamide (4), has little effect on the 
synthesis of DPN from nicotinamide in the mouse. 

Effect of Substitution in Amide Group on DPN Syntheses—Table IV sum- 
marizes the effect of substitution in the amide group on DPN formation. 
N-Methylnicotinamide (replacement of a CH; for a H) is almost as effec- 
tive as nicotinamide as a precursor of liver DPN. This is true also for 
the N-ethyl derivative. Dimethylnicotinamide is also a good precursor 
of mouse liver DPN. However, the diethyl derivative (Coramine) leads 
to little DPN synthesis. The failure of this pharmacologically active 


TaBLE IV 
DPN Precursor Activity in Mice 
| Reet, we: DPN, average of 3 fresh livers, y per gm. 
Compounds 
neally 4.5 hrs. ami 9 hrs. after | 12 hrs. after| 24 hrs. after 
Nicotinamide.................... 500 4161 5225 2903 697 
N-Methylnicotinamide........... 557 3096 3387 2322 600 
N-Dimethylnicotinamide......... 614 3000 3000 1800 523 
N-Ethylnicotinamide............. 664 3000 3677 2129 600 
Nicotinamide.................... 250 4064 3387 2226 561 
N-Diethylnicotinamide*.......... 365 1219 600 581 


* The dose of N-diethylnicotinamide was reduced because of the toxicity of the 
drug. Mice designated for sacrifice at 9 hours all died. There was only one survivor 
each at 12 hours and 24 hours. 


compound to promote synthesis may be related to its toxicity. It is of 
interest to note that the dimethy! derivative is much less toxic than the 
diethyl compound. 


DISCUSSION 


3-Acetylpyridine has been found to give rise to the excretion of N'- 
methylnicotinamide in the dog (5) and recently has also been shown to be 
a DPN precursor in the rat (6). The compound has been shown at low 
levels to cure blacktongue in dogs, although at high levels the compound 
is quite toxic (7). Little is known concerning the mechanism of conversion 
of acetylpyridine to nicotinamide. Beher et al. (8), however, have shown 
that the CH; group of the acetylpyridine can be oxidized to CQgz. 

It would appear likely that the first step in the conversion of pyridy]-3- 
methylearbinol to nicotinamide is oxidation to acetylpyridine. In this 
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connection, it is of interest to note that the carbinol is slightly less active 
than acetylpyridine as a DPN precursor. Preliminary experiments have 
indicated that the carbinol is slightly less toxic than the keto derivative. 
Both 3-acetylpyridine and pyridyl-3-methylcarbinol have been found to 
be converted to analogues of DPN by the DPNase exchange reaction (9). 

The more effective conversion of 8-picoline to DPN than nicotinic acid, 
pyridyl-3-carbinol, or pyridyl-3-aldehyde was somewhat surprising. It 
might be expected that the methyl group would be oxidized stepwise to 
the acid prior to incorporation into the nucleotide form. However, the 
rapid rate of synthesis of DPN from £8-picoline suggests that a simple 
mechanism is not involved in the conversion. This may be due to a more 
rapid penetration of 8-picoline into the liver. A second possibility is that 
the oxidation of 8-picoline may not occur at the free base level, but rather 
when the compound is in the glycosidic link (7.e. 6-picoline riboside, ribo- 
tide, or perhaps in the dinucleotide form). The modifications of purine 
and pyrimidine structures, which are known to occur at the nucleotide 
level, suggest that the second possibility is not unlikely. 6-Picoline, pyri- 
dine-3-aldehyde, and the pyridyl-3-carbinol are all converted to the corre- 
sponding analogues of DPN by the DPNase exchange reaction (9). Nico- 
tinic acid does not exchange with the nicotinamide of DPN in this system. 
It is of interest that B-picoline, as well as being a better precursor of DPN, 
is more rapidly convertedsto an analogue of DPN than either pyridyl-3- — 
carbinol or pyridy]-3-aldehyde. This faster conversion may be related to | 
the stronger basicity of the 6-picoline. It is known that, the stronger the 
basicity of the ring nitrogen of a pyridine derivative, the more easily is 
the compound quaternized. This may be a factor in the rapid synthesis 
of DPN from £-picoline. The more rapid conversion of 8-picoline to 
DPN seems not to be limited to the mouse, as indicated by the replacement 
of B-picoline for nicotinamide in the duckling (10). 

Inhibition of DPN synthesis from nicotinamide by nicotinic acid, pyri- 
dine-3-aldehyde, and pyridyl-3-carbinol is of some interest with respect 
to the mechanism of DPN synthesis. The fact that these compounds 
individually give a significant increase in DPN indicates that the inhibition 
may be the result of a competition for the active ribose derivative which 
leads to the formation of the glycosidic linkage. There appears to be 
some relation between the depression of DPN synthesis and increase in 
toxicity. Simultaneous injections of nicotinamide with nicotinic acid, | 
pyridine-3-aldehyde, pyridy]-3-carbinol, or 8-picoline all result in greater 
toxicity than when the compounds are injected separately. In this con- 
nection, it is of value to point out that high levels of nicotinamide are not 
only toxic, but also give only a slight rise in DPN (1). 

As pointed out in a previous paper (1), the rise in liver DPN following 
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nicotinamide injection is associated with an increase in acid-soluble adenine, 
as measured by the F0. The rise in H2¢69 could be closely correlated to 
the increase in DPN. In the experiments in which DPN synthesis is 
inhibited by pyridine compounds, the limited increase in E2¢9 was of the 
same order of magnitude as the DPN assayed enzymatically. This sug- 
gests that the synthesis of adenine which appears in DPN as the result 
of nicotinamide injection must be preceded by a conversion of nicotinamide 
to some intermediate, which may be nicotinamide mononucleotide. The 
reactions which are involved in the increase in DPN in the intact mouse 
appear to be complex, and as yet we have not been able to demonstrate 
the synthesis of the coenzyme from nicotinamide in vitro through the ap- 
plication of known enzymatic reactions. 


SUMMARY 


Injection of 3-acetylpyridine and pyridyl-3-methylcarbinol into mice 
leads to a rapid formation of liver diphosphopyridine nucleotide (DPN). 
8-Picoline is converted to DPN at a considerably faster rate than pyridyl- 
3-aldehyde, pyridyl-3-carbinol, or nicotinic acid. Monomethyl-, mono- 
ethyl-, and dimethylnicotinamide are almost as effective as nicotinamide 
in giving rise to DPN. Daiethylnicotinamide (Coramine), however, which 
is quite toxic, gives only a slight increase in the level of liver DPN. 

Injection of nicotinic acid, pyridyl-3-aldehyde, or pyridyl-3-carbinol 
with nicotinamide leads to a marked inhibition of liver DPN synthesis, 
as compared with nicotinamide alone. 

The possibility that the conversion of pyridine derivatives to nicotin- 
amide occurs at the glycosidic level is discussed. 
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PYRIDINE DERIVATIVES AS GROWTH FACTORS 
IN THE DUCKLING* 


By ROBERT VAN REEN{ anp FRANCIS E. STOLZENBACH 


(From the McCollum-Pratt Institute, The Johns Hopkins 
University, Baltimore, Maryland) 


(Received for publication, October 23, 1956) 


Since the appearance of the first reports on the biological importance of 
nicotinic acid, a number of investigators have tested the ability of other 
pyridine derivatives to substitute for the acid or its amide. The results 
of these studies which have been reviewed adequately (1, 2) are important 
in that not only compounds having prolonged activity may be found, but 
also conversion to nicotinamide adds to our understanding of the chemical 
reactions occurring in organisms. 

Woolley et al. (3) reported that 3-methylpyridine (8-picoline) was not 
as active as nicotinic acid or nicotinamide in curing blacktongue in dogs. 
Spies et al. (4) noted some improvement in pellagra following the oral 
administration of 500 mg. of 8-picoline in 24 hours. On the basis of in- 
creased excretion of N'-methylnicotinamide, Ellinger et al. (2) have dem- 
onstrated that 8-picoline is converted to this product in rats. Other ex- 
periments by Ellinger indicated that Tribolium confusum, Lactobacillus 
arabinosus, and other microorganisms utilize 8-picoline to a very limited 
extent. 

Pyridyl-3-carbinol, the alcohol of nicotinic acid, has been used clinically 
as a vasodilator, and recently Burch et al. (5) have reported that the di- 
phosphopyridine nucleotide (DPN) level in the red blood cells of rats was 
increased equally well by large equimolar supplements of nicotinic acid, 
nicotinamide, or pyridyl-3-carbinol tartrate. 8-Picoline, when injected 
into the mouse, has been shown to result in high DPN levels in the liver (6). 

The studies reported here were undertaken to evaluate the ability of 
8-picoline, pyridyl-3-carbinol, and pyridyl-3-aldehyde to meet the require- 
ment of the duckling for nicotinic acid. Ducklings were used for the 
experiments, since their growth rate is rapid, and a severe deficiency of 
niacin could be produced in a few days. A preliminary report of these 
results has appeared (7). 


* Contribution No. 174 of the McCollum-Pratt Institute. Aided in part by 
grants from the National Science Foundation (grant No. 2041), the Department of 
the Army, Office of the Surgeon General (contract No. DA-49-007-MD-631), and 
the National Cancer Institute, National Institutes of Health (grant No. C-2374 (C)). 

t Present address, Naval Medical Research Institute, National Naval Medical 
Center, Bethesda 14, Maryland. 
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EXPERIMENTAL 
Procedures Used in Care of Experimental Animals 


1 day-old, white Peking ducklings were obtained from a commercial 
source and on arrival at the laboratory placed in brooders. The birds were 
randomized into groups and started on the experimental diets at 2 to 4 days 
of age. The diets were fed ad libitum, and water was provided at all times. 
The basal niacin-deficient diet had the following percentage composition: 
casein, 25.0; glucose, 58.35; gelatin, 5.0; pL-methionine, 0.3; corn oil, 4.0; 
salt mixture, 6.0; choline chloride, 0.25; inositol, 0.10; 4000 i.u. of vitamin 
A, 800 i.u. of vitamin D, and 2 mg. of a-tocopherol in corn oil, 1.0. A 
mixture of B vitamins except for nicotinic acid (8) was also added. The 
vitamin and salt mixtures have previously been shown to be adequate 
for growth when nicotinic acid was also provided (8). 

In the experiments in which the various compounds were mixed in the 
ration only small quantities of diet were made at one time. For oral and 
intraperitoneal administration, the compounds were mixed in sufficient 
0.9 per cent NaCl so that 1 ml. of solution was injected per 100 gm. of body 
weight. Experiments were usually terminated after 2 or 3 weeks because 
of the rapid growth of the animals. Mean body weights are given along 
with the standard error of the means. 


Assay of Liver DPN 


Birds were sacrificed by decapitation, and the livers rapidly removed. 
Approximately 250 to 500 mg. of liver were immediately homogenized in 
5 per cent trichloroacetic acid. After centrifugation the extracts were 
assayed by the methyl! ethyl ketone-DPNase procedure described else- 


where (9). 


Results 


A severe deficiency occurred when ducklings were fed the basal diet to 
which no niacin or precursors had been added (Table I). Both growth 
responses and survival were poor in comparison to groups supplemented 
with nicotinamide. It is apparent from the data in Table I (Experiment 1) 
that the incorporation of pyridy]-3-aldehyde into the diet was as effective 
in promoting growth as nicotinamide. Pyridyl-3-carbinol and £-picoline, 
on the other hand, were ineffective, even when included in the diet at 3 
times the adequate level of nicotinamide. In Experiment 2, Table I, the 
compounds were administered per os twice weekly. Under these condi- 
tions both pyridyl-3-carbinol and 6-picoline gave good growth and survival 
responses, but nicotinamide was still superior on an equimolar basis. The 
approximate dosage of 200 umoles given twice weekly is equivalent to 24 
mg., 22 mg., and 19 mg. for nicotinamide, pyridyl-3-carbinol, and 8-pico- 
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line, respectively. Doubling the dosage of 6-picoline and pyridyl]-3-car- 
binol appeared to be slightly toxic in view of the reduced weight responses 
at the higher levels. 

The poorer responses of the ducklings to orally administered 6-picoline 
and pyridyl-3-carbinol as compared to nicotinamide suggested use of the 
intraperitoneal route to bypass the effects of absorption from the gastro- 
intestinal tract and the influence of the microflora. Data for several ex- 
periments are presented in Table II. It was readily observed that, on 
the basis of weight responses to equimolar doses, nicotinamide always 


TABLE 
Effect of Nicotinamide and Precursors on Growth and Survival of Ducklings 


| | 


Experiment 1* Experiment 2t 


Supplements | Quantity 
lly 


Quantity Body weight and given ora Body weight and 
| in diet | survival after 2 wks. | Se survival after 2 wks. 
| 
|g | gm. indy. gm. 
| | 81+ 5t (5) 111 + 17t (6) 
Nicotinamide. .............. | 368+ 7 (8); 24 | 428 + 23 (13) 
Pyridyl-3-aldehyde......... 10 | 356 + 11 (8) 
Pyridyl-3-carbinol.......... 10 131 + 24} (2) | 22 333 + 17f (14) 
| 30 154 + (2) 44 304 + 18t (14) 
I | 10 942 If (4) | 19 302 + 15} (14) 
| 30 117 + 18f (3) 272 + (14) 


The numbers in parentheses represent the number of animals. 

* Kight animals per group initially. 

t Fourteen animals per group initially. 

{ Response significantly different from that to nicotinamide (P < 0.01). 


showed a more favorable effect than nicotinic acid. This effect became 
most apparent at the low dose of the compounds. 8-Picoline and pyridy]- 
3-aldehyde gave responses equal or superior to nicotinic acid. Pyridy]-3- 
carbinol in Experiments 1 and 2 of this series gave slightly lower responses 
than nicotinic acid. Experiment 3 (Table IT) was performed with the 
inclusion of 1 per cent sulfasuxidine in the basal niacin-deficient diet. 
The duckling showed a positive response to nicotinamide, nicotinic acid, 


8-picoline, pyridyl-3-carbinol, and pyridyl-3-aldehyde. While this does 


not give conclusive evidence that the tissues of the bird and not the in- 


testinal microflora are converting the precursors to niacinamide, it is con- 


tributive evidence that this is occurring. It was noted that the responses 
to B-picoline, pyridyl-3-aldehyde, and nicotinamide are somewhat superior 
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with the sulfa drug in the diet as compared to those in the previous experi- 
ments. 

To assure ourselves that the weight responses obtained were due to the 
synthesis of protein and not merely to the retention of water or other mate- 
rial, the livers were removed from experimental birds, and the total weight 
and protein content was determined. It was found that the mean per cent 
protein of the birds receiving the various compounds was not significantly 
different as a result of giving the various compounds (Table III). How- 
ever, the livers from the duckling administered 6-picoline and pyridy]-3- 


TABLE II 


Relative Efficiencies of Compounds to Replace Nicotinamide 
by Intraperitoneal Injection 


Senehy Experiment 1 Experiment 2 Experiment 3 
Intraperitoneal supplement goo 
weekly Body weights after 2 wks. 
pumoles per 
100 gm. body gm. gm. gm. 
weight 
All dead 1200 + 5 (13)} 105 + (3) 
Nicotinic acid......... 100 196 + 15* (7)| 281 + 12 (16); 289 + 16* (15) 
17 127 + 6* (5)} 176 + 11* (15) 
Nicotinamide.......... 100 268 + 15 (7)} 302 + 10 (15)} 348 + 10 (15) 
ere eure 17 188 + 12 (8)| 268 + 16 (14) 
iis 100 | 205 + 13* (8)| 308 + 17 (13)| 331 + 16 (14) 
17 167 + 14 2154 14 (15) 
Pyridyl-3-carbinol.... . 170 389 + 13 (13) 
100 162 + 9* 236 + 12* (16) 
Pyridyl-3-aldehyde. ... 100 261 + 9 (13); 323 + 25 (12) 
188 + 16* (14) 


The numbers in parentheses represent the number of animals. 
* Values significantly different from responses to an equivalent level of nicotin- 
amide (P < 0.01). 


carbinol were significantly heavier than those from the nicotinamide group 
(P < 0.01) at equimolar levels. Pyridy]-3-carbinol was given in greater 
concentrations for this experiment, but from Table II it can be seen that 
this level resulted in body weights equal to nicotinamide at the lower level. 

The influence of the intraperitoneal injection of several pyridine deriva- 
tives on the DPN content of the liver is shown in Table IV. Assays were 
run after the ducklings had been on the niacin-deficient diet for 2 weeks 
and had received four injections of the compounds. With no supplementa- 
tion the ducklings had little liver DPN, whereas injection of nicotinic acid, 
nicotinamide, 8-picoline, or pyridy]-3-carbinol resulted in considerably 
higher values. Ducklings receiving 100 umoles of nicotinamide twice 
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weekly showed slightly higher liver DPN levels than those receiving an 
equivalent amount of nicotinic acid. This discrepancy was more pro- 
nounced, however, at the lower level of injection at which nicotinic acid 
and nicotinamide injections resulted in 3.9 and 8.4 mg. of DPN per liver, 
respectively. 6-Picoline appears to be a good precursor of liver DPN and 


TABLE III 
Influence of Pyridine Derivatives on Liver Growth 
Quantity : | Mean protein 
Intraperitonea supplement injected twice Mean moist liver 
weekly 
gm. | per cent 
0 11.042.1* | 16.6 
Pyridyl-3-carbinol.................... 170 24.3 + 1.1* 17.3 
Pyridyl-3-aldehyde................... | 100 16.5 + 1.7 18.1 
100 14.4 + 1.1 17.9 
16.2 + 0.6 18.1 


* Values significantly different from responses to an equivalent level of nicotin- 
amide (P < 0.01). 


TABLE IV 
Liver DPN Values 
100 gm. | 
Nicotinic acid..................... 100 9.0 611 
17 | 3.9 | 577 
/ | 17 8.4 | 67 
100 11.6 | 769 
Pyridyl-3-carbinol.................. 170 | 9.3 | 833 


gave higher levels than nicotinic acid at both concentrations of injection. 
While pyridy]-3-carbinol was administered at a higher level than the other 
pyridine compounds and therefore cannot be compared as to efficiency, it 
is apparent that the alcohol produces an increase in liver DPN above de- 
ficient levels. While the mean total liver DPN varied markedly with dose 
and compound injected, it was of interest that the concentration of DPN 
per gm. of tissue did not show as much difference. The livers from the 
deficient animals showed 45 to 65 per cent as much DPN per gm. of tissue 
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as the injected groups. It is thus apparent that in the deficiency state 
liver growth is depressed, but DPN is conserved by the liver. 

An attempt was made to measure the rate of liver DPN synthesis from 
various pyridine derivatives as has been reported in the normal mouse (9). 
By using niacin-deficient ducklings, nicotinamide was injected at 500 mg. 
per 100 gm. of body weight. At intervals of from 0 to 20 hours following 
injection, these birds were sacrificed, and liver DPN was determined. Un- 
like studies with mice there was no striking increase in DPN. Since the 
ducklings were taken off feed previous to injection, this lack of elevated 
liver DPN values could not have been due to a dilution of any DPN by new 
tissue. 


TABLE V 


Comparison of Nicotinamide and DPN in Support 
of Growth and Liver DPN Levels 


me, 100 gm. | mg. perliver per gm. 
eae Nicotinamide 0.5 | 372 + 25 i 11.3 | 687 
2.5 529 +12 19.9 589 
DPN 2.5 | 34142 46 | 8.5 525 
92 12.5 558 + 25 20.3 524 
2 Nicotinamide 0.5 396 + 34 | 9.2 440 
2.5 455 +37 11.1 496 
DPN 2.5 342 + 58 9.7 485 
12.5 54450 12.8 473 


A further study was made to compare the efficiencies of injected nico- 
tinamide and DPN for growth and liver DPN synthesis. Nicotinamide 
was injected in doses of 0.5 mg. and 2.5 mg. per 100 gm. of body weight, 
while DPN of approximately 90 per cent purity was given at 5 times these 
levels. These levels of DPN provided only about 80 per cent of the nico- 
tinamide given in the free form. The data presented in Table V show that 
DPN injections are extremely effective, gave as good or better total liver 
DPN than nicotinamide, and gave better growth responses, considering 
the lower nicotinamide content. 


DISCUSSION 


The observations of Woolley et al. (3) that B-picoline was partially effec- 
tive in the cure of blacktongue suggested that 6-picoline might be oxidized 
to nicotinic acid. While inconclusive results were obtained with the treat- 
ment of pellagra with 8-picoline, the observation of Ellinger et al. (2) that 
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rats administered @6-picoline show increased excretion of N!-methylnico- 
tinamide is strong evidence for the conversion to nicotinamide. In the 
preceding paper (6), evidence was given for the rapid conversion of admin- 
istered 6-picoline to liver DPN in the mouse. The present results with 
ducklings appear to provide conclusive evidence that this species is also 
able to readily convert 6-picoline to DPN and can thus use this pyridine 
derivative as a source of the vitamin. ‘The poor responses obtained when 
8-picoline was mixed in a ration is probably due to the volatility of the 
compound. ‘This is substantiated by the better responses obtained when 
the compound was administered by oral supplementation. The positive 
growth response to injections of the several pyridine derivatives was of 
considerable interest, since it mitigates the argument that a deficient animal 
does not eat because of the taste of foods. 

The mechanism of conversion of 6-picoline to DPN is unknown; how- 
ever, in view of the positive response of the duckling to the carbinol and 
aldehyde, this suggests a stepwise oxidation to nicotinic acid. Neverthe- 
less, the fact that 8-picoline is as good or better for growth and DPN syn- 
thesis may suggest that the conversion may not be a simple oxidation of 
the methyl group to a carboxylic group. Burch et al. (5) reported that 
rats given supplements of nicotinic acid and pyridyl-3-carbinol tartrate 
showed comparable urinary excretion patterns. In this case, however, 
the doses used were extremely large and may not represent what occurs 
when low concentrations are given. Since it has been found that 6-picoline 
forms an analogue of DPN under the influence of animal tissue DPNases, 
it is possible that oxidation of the methyl group takes place after the forma- 
tion of the glycosidic link. This has been discussed in the preceding pa- 
per (6). Studies are now under way to elucidate some of these problems, 
and attempts are being made to study the oxidation of the methyl group 
of B-picoline by tissue preparations. If such an enzyme can be demon- 
strated, it will be of interest to see whether compounds such as toluene 
which can be oxidized by animals would be attacked by the same prepara- 
tion. 

A number of other pyridine derivatives have been investigated as to 
their ability to substitute for niacin. Studies are also under way to use 
the duckling for the study of niacin antimetabolites. These studies will 
be reported in detail in subsequent communications. 


We wish to thank Dr. N. O. Kaplan for his interest in this work. 
SUMMARY 


1. Ducklings fed a niacin-deficient diet rapidly developed deficiency 
symptoms and grew poorly. 
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2. There was a marked response to nicotinamide and pyridyl-3-aldehyde 
mixed in the diet but not to pyridyl-3-carbinol or B-picoline. The latter two 
compounds showed a positive response, however, when given per os. All 
of the above compounds, diphosphopyridine nucleotide (DPN), or nico- 
tinic acid produced positive responses when administered intraperitoneally 
to ducklings fed a niacin-deficient diet. 

3. B-Picoline gave as good or a better response than nicotinic acid both 
in regard to body weight and liver DPN content. Nicotinamide was con- 
sistently better than nicotinic acid for these functions, but was not as effec- 
tive as DPN as a growth promotor. 

4, The possible mechanism of oxidation of the methy] group of 8-picoline 


is discussed. 
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THE ISOLATION OF PYRIMIDINE DEOXYRIBONUCLEOTIDES 
FROM THE ACID-SOLUBLE EXTRACT OF THYMUS* 
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BUETTNER-JANUSCH, ann LOLETA THOMPSON 


(From the Atomic Energy Commission, Biological Effects of Irradiation Laboratory, 
and the Department of Biological Chemistry, Medical School, 
University of Michigan, Ann Arbor, Michigan) 


(Received for publication, September 24, 1956) 


The importance of nucleotide precursors of DNA! and RNA has been 
reemphasized by the recent investigations of Grunberg-Manago et al. (4) 
and Kornberg et al. (5). These studies have demonstrated the role of the 
di- and triphosphonucleosides in nucleic acid synthesis in vitro. Schmitz 
et al. (6) established the occurrence, in extracts of a single tissue, of all of 
the likely precursors of RNA, the di- and triphosphates of the four ribo- 
nucleosides. The present study shows that some possible precursors of 
DNA, namely the mono-, di-, and triphosphates of thymidine and deoxy- 
cytidine, occur in thymus. In addition, these natural compounds are 
compared to synthetic compounds prepared by the method of Hall and 
Khorana (7). 


Methods 


Preparation of Acid-Soluble Extract—Fresh thymus, obtained at a local 
slaughterhouse within a few seconds after a calf was killed, was immedi- 
ately cut into several pieces and thoroughly mixed with crushed ice. The 
chilled tissue was then cut into small pieces with scissors and 60 gm. 
batches were minced in 4 volumes of cold 0.6 N perchloric acid at 0—5° for 
1 minute in a Waring blendor. Mincing was completed within 10 minutes 


* This work was performed under Atomic Energy Commission contract No. AT- 
(11-1)-75. Preliminary reports have appeared (1, 2). 

'The following abbreviations have been used: DNA, deoxyribonucleic acid; 
RNA, ribonucleic acid; DCC, NV, N’-dicyclohexylearbodiimide; Rr, the ratio of the 
movement of a compound to the movement of the solvent front; TMP, TDP, TTP, 
the mono-, di-, and triphosphates of thymidine; CMP, CDP, CTP, D-CMP, D-CDP, 
D-CTP, the mono-, di-, and triphosphates of cytidine and deoxycytidine; AMP, 
ADP, ATP, the mono-, di-, and triphosphates of adenosine; GMP, GDP, GTP, the 
mono-, di-, and triphosphates of guanosine; UMP, UDP, UTP, the mono-, di-, and 
triphosphates of uridine; DPN, diphosphopyridine nucleotide; TPN, triphosphopy- 
ridine nucleotide; ADP-X, an unidentified adenine nucleotide (3); UDP-X,, uridine 
diphospho-N-acetylglucosamine; UDP-X2, uridine diphosphoglucose and uridine 
diphosphogalactose; UR, uridine; UDR, deoxyuridine; O-5-P, orotidine 5’-phos- 
phate; unless otherwise designated, all nucleotides are 5’-nucleotides. 
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after the animal was killed. As soon as possible, the acid-insoluble materia! 
was removed by centrifugation at 0°, and the acid-soluble extract was 
neutralized with cold 5 nN KOH while being mechanically stirred in a salt 
bath at 0-2°. After removal of the precipitated KCI1O,, the neutral extract 
was lyophilized. The residue was taken up in a small volume of water; 
after cooling, additional KCI]O, was removed by filtration. 

Chromatography—The concentrated extract (300 ml.) was added to a 
column of Dowex 1-X10 (formate) prepared from 200 to 400 mesh resin 
obtained from the Dow Chemical Company, Midland, Michigan. The 
adsorbed material was fractionated with use of modifications of extended 
gradient elution chromatography (8, 9). In order to accomplish a better 
resolution of various cytidine compounds which appear early in the chro- 

-matograms, the concentration of formic acid was increased at a rate much 
slower than that indicated by Hurlbert et al. (9). It was also necessary to 
use a higher concentration of ammonium formate to sharpen the final tri- 
phosphate peaks. In addition, the amount of material fractionated re- 
quired the use of a large column. Details of the conditions employed in 
the elution of the acid-soluble extract of calf thymus are given in Fig. 1. 

The absorbance? of eluted fractions was measured at 260 and 275 mu 
in a Beckman model DU spectrophotometer. Preliminary identification 
of the fractions was made on the basis of the ratio, A275/A 260. 

Effluent fractions represented by peaks or portions of peaks were pooled 
and dried at 25-30° under reduced pressure with a Rinco rotary evaporator. 
In samples which contained ammonium formate, the salt was sublimed | 
in vacuo from a vessel warmed to 30° onto a cold finger chilled with liquid ) 


nitrogen. 
Compounds not satisfactorily resolved by formic acid were usually re- 
chromatographed by using extended gradient elution chromatography with 
ammonium formate (pH 5) as the eluent (9), and fractions were pooled | 
and dried as described. 


In some cases, purification was accomplished by descending paper 
chromatography in battery jars at room temperature. The following 
solvent systems were used: isopropanol-HC] (10), isobutyric acid-ammonia 
(11), n-propanol-ammonia (12), and butanol-water (13). Nucleotides were 
located by scanning the paper (14) with an ultraviolet lamp and were eluted 
with water. When a permanent record was required, a contact print was 
made on Kodak Azo F-5 paper, the chromatogram being used as a negative 
and the ultraviolet lamp as the light source (15). 


? The following optical terms are used: A (absorbance or optical density) = log f. 
Io/I (1.0 em. light path); A, = absorbance at wave length A, \ expressed in milli- 
microns; Amax = maximal absorbance; Amin = minimal absorbance; Amax = Wave d 
length at which absorbance is maximal; Amin = wave length at which absorbance is p 
minimal. 
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Enzymatic Procedures Potato apyrase, which carries out a stepwise re- 
moval of the two terminal phosphates of ATP, was prepared by the method 
of Krishnan (16). (NH4)2SO,4 was added to an extract of potatoes to 0.6 
saturation, and the precipitate was collected and dialyzed. After removal 
of insoluble material, the 0.45 to 0.6 saturated (NH4)2SO, fraction was 
centrifuged and dialyzed. The preparation, which contained 0.33 mg. of 
nitrogen per ml., was stored at —18°. The enzyme assay mixture con- 
tained ATP 0.002 m, CaCl, 0.005 mM, sodium succinate buffer, pH 6.5, 
0.025 mM, and apyrase 33 y of nitrogen per ml. At 25° the freshly prepared 
enzyme liberated 415 umoles of inorganic phosphate per hour per mg. of 
enzyme nitrogen. 

Crude lyophilized snake venom (Crotalus adamanteus) was used as a 
5’-nucleotidase under the following conditions: tris(hydroxymethyl)- 
aminomethane, pH 8.4, 0.1 m; MgCl, 0.004 mM; snake venom, 50 or 100 y 
per ml. The nucleotide was present at about 10 wmoles per ml. and incu- 
bation was at 38° for 60 minutes. It has been shown that this preparation 
will remove the 5’-phosphate but that it attacks the 3’-phosphate slowly or 
not at all (17). 

Deoxyribose Determinations—Deoxyribose was determined by Brody’s 
modification (18) of the cysteine-sulfuric acid test (19). The reaction is 
specific for deoxyribose if the colored product has a maximal absorbance 
at 474 mu. The absorption spectrum of every experimental sample was 
taken to ascertain that the maximum was at 474 mu. In our hands, equi- 
molar quantities of the four deoxyribonucleotides do not give equal amounts 
of color; hence, the corresponding nucleotide was used as a standard in the 
determination of deoxyribose on each isolated sample. 

Phosphorus Determinations—Phosphorus determinations were carried 
out by the method of Fiske and Subbarow as adapted by Hurlbert et al. 
(9). Labile phosphorus was determined by a 15 minute hydrolysis in 1.0 
N HSO, at 100°. 

Spectral Constants—All quantitative determinations of nucleotides are 
based on ultraviolet absorbance at pH 2.0, the following millimolar absorp- 
tivities being used (20): at 260 my, adenosine 14.2, guanosine 11.8, uridine 
9.9, and thymidine 8.4; at 280 my, cytidine 13.0. A satisfactory criterion 
of the purity of the nucleotides isolated has been the ratio of the minimal 
absorbance to maximal absorbance at pH 2.0. The report of Hotchkiss 
(21) brought to our attention the usefulness of relative absorbances. 

Materials—The deoxynucleoside monophosphates used were purchased 
from the California Foundation for Biochemical Research; the N,N’- 
dicyclohexylearbodiimide from the Schwarz Laboratories, Ine. Lyo- 
philized snake venom was obtained from Ross Allen’s Reptile Institute. 

Synthesis of Thymidine Diphosphate and Thymidine Triphosphate—To a 
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mixture of 200 mg. of calcium thymidylate, 0.175 ml. of 85 per cent H3PQx,, 
14.6 ml. of pyridine, and 0.9 ml. of water, 2.4 gm. of DCC! were added, 
according to the method of Hall and Khorana (7). The reactants were 
shaken vigorously for 1.0 hour and 10 ml. of water were added. The 
insoluble dicyclohexylurea was removed by filtration, and the pyridine was 
extracted from the filtrate with six 100 ml. volumes of ether. The resulting 
solution was taken to dryness in vacuo and made up to 20 ml. with water. 
The pH was adjusted to 5.0 with formic acid, and the mixed nucleotides 
were adsorbed on two batches of Norit A,*? 1.2 and 0.6 gm., and eluted 
with a mixture of alcohol, ammonia, and water, in the proportion of 5:3:2 
(22). After removal of the alcohol and ammonia, the nucleotides were 
adsorbed on a column of Dowex 1-formate, 1 XK 15 cm., and eluted with 
formic acid and ammonium formate. Seven peaks were obtained. Ana- 
lytical determinations established that the third peak was 15 umoles of 
TDP and the fifth was 47 wmoles of TTP. Analytical and spectral data 
for these compounds are shown in Tables I and II. 

Synthesis of Deoxycytidine Diphosphate and Deoxycytidine Triphosphate— 
A mixture of 200 mg. of D-CMP, 0.175 ml. of 85 per cent H3PQ,, 14.6 ml. 
of pyridine, 0.6 ml. of water, and 2.0 gm. of DCC was shaken vigorously 
for 6 hours. An additional 2.0 gm. of DCC were added, and the shaking 
was continued for 15 hours. After the addition of 0.5 gm. of DCC and 
0.5 ml. of pyridine, the mixture was shaken for an additional hour. The 
nucleotides were freed from reactants as before and adsorbed on a Dowex 
1-formate column, 1 X 21 cm. Upon elution, three peaks were obtained, 
the first of which was unchanged D-CMP, the second 45 ymoles of D-CDP, 
and the third 22 ymoles of D-CTP. The analytical and spectral data for 
the latter two compounds are shown in Tables I and II. 


Results 


Chromatographic Separation of Acid-Soluble Components of Calf Thymus 
—A typical chromatogram (Fig. 1) shows many similarities to those 
published for other tissue and cell extracts (9, 23, 24). All twelve of the 
expected ribonucleotides are present, although GDP and UDP are usually 
evident only upon rechromatography. 

The first peak (A, in upper portion of Fig.-1) appears to be a mixture of 
compounds and contains a large amount of organic phosphorus relative to 
the quantity of nucleotide revealed by the Az. Since this material is 
very weakly bound to the resin, even compared to monophosphates, it 
seems likely that the phosphate is bound to other atoms carrying a net 
positive charge. | 

Peak B, upon rechromatography with gradient elution by 0.5 M am- 


3H. G. Khorana, personal communication. 
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FRACTION NUMBER 


Fic. 1. Extended gradient chromatography of the acid-soluble extract of 452 gm 
of calf thymus. The material was adsorbed on a Dowex 1-formate column, 2.5 K 50 
em. After washing the column with 1400 ml. of water, elution was begun by intro- 
ducing the following eluents into a 1 liter mixing flask previously filled with water: 
Fractions 0 to 50, 0.1 N formie acid; Fractions 51 to 100, 0.5 N formic acid; Fractions 
101 to 175, 1.0 N formic acid; Fractions 176 to 215, 4.0 N formic acid; Fractions 216 to 
275, 4.0 N formic acid + 0.2 mM ammonium formate; Fractions 276 to 330, 4.0 n formic 
acid + 0.4 m ammonium formate; Fractions 331 to 380, 4.0 N formic acid + 1.0 m 
ammonium formate; Fractions 381 to 475, 4.0 n formic acid + 1.5 M ammonium for- 
mate. 14 ml. fractions were collected. The absorbance at 260 mu, depicted by the 
solid line, is plotted on a three-cycle logarithmic scale. The ratio A275/A260, de- 
picted by the dotted line, is plotted on a linear scale. 


monium formate,’ pH 9.3, gave four components, all of which appeared to 
be cytidine compounds. All four of these had approximately 2 atoms of 
phosphorus per molecule of cytidine. Some of these may be cytidine di- 


‘KE. P. Kennedy, personal communication. 
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phosphate esters which have been reported (25, 26). Two of the com- 
ponents contain cytosine, deoxyribose, and total phosphorus in a molar 
ratio of approximately 1:1:2. The presence of deoxyribose indicates that 
these two partially characterized compounds are different from any pre- 
viously reported cytidine nucleotides. 

Peak C’, upon rechromatography, yielded uric acid and a yellow com- 
ponent not further identified. Peak E had a value for Ao75/A260 of about 
0.15, lower than that of known nucleotides. The absorption spectrum was 
unstable, and upon drying the compound turned yellow to red in color. 
It contained a small amount of ribose but no phosphorus or deoxyribose. 
Peak F appears to contain at least two components which have not been 
identified. Peak S (lower portion of Fig. 1) also remains unidentified. 

Except for two features, the rest of the chromatogram is qualitatively 
similar to those previously published for other cell extracts. These ex- 
ceptional features are the peaks with A25/A 260 of about 0.9 on the descend- 
ing side of the ATP and UTP peaks. These ultimately proved to be TDP 
and TTP. It should be pointed out that TDP is usually found between the 
CTP and ATP peaks. The TTP peak, however, has always appeared after 
GTP and UTP (27) and is usually imperfectly resolved from them. 

The pyrimidine deoxyribonucleotides may then be isolated and identi- 
fied. Not all of these compounds were isolated from the same chromato- 
gram; however, each has been isolated at least twice from calf or rat 
thymus. 

Thymidine Triphosphate—TTP was isolated from the pooled fractions 
constituting Peak R, Fig. 1. The ratio, Aos/A260, was 0.89 and the ab- 
sorbance indicated 17.6 umoles of crude TTP. The deoxyribose content, 
however, was somewhat low (0.78 umole per micromole of nucleotide) and 
the absorption spectrum revealed the presence of impurities. Paper 
chromatography in the isobutyric acid-ammonia system gave three bands. 
The most mobile of these had an Ry = 0.38, typical of TDP, and probably 
arose from partial hydrolysis of TTP on the chromatogram. The slowest 
moving band (Ry = 0.13) upon elution gave a spectrum characteristic of 
guanosine compounds and was probably GTP. The major portion of 
chromatographed material was a substance with an FR, of 0.29 and ap- 
peared to be TTP (9.5 umoles). Analytical and spectral data for this 
compound are presented in Tables I and II. 

Evidence supporting this identification had been obtained previously. 
From another chromatogram in which the TTP was not resolved from 
GTP and UTP, TMP was isolated as follows: The pooled triphosphate 
fractions were hydrolyzed in 1.0 Nn HCl for 15 minutes and rechromato- 
graphed® to yield UMP and TMP (Fig. 2). The TMP thus obtained gave 


5 We are indebted to L. I. Hecht for the details of this separation. 
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spectral data compatible with thymidine compounds (Table I1) and con- 
tained approximately 1 umole each of organic phosphorus and of deoxy- 
ribose per micromole of nucleotide (Table I). Enzymatic hydrolysis with 
crude snake venom established that the phosphate was attached to the 5 
position of the thymidine. | 

Paper chromatography of the TMP in three solvent systems gave Rr 
values similar to those of standard TMP. The TMP was further hy- 


UMP 
3.0 91.5 
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A560 
2.0 
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FRACTION NUMBER 


Fig. 2. Ion exchange chromatography of the acid hydrolysate of a portion of a 
UTP-TTP peak. Dowex 1-formate column, 1 X 50 cm., 500 ml. mixing flask. 4 ml. 
fractions were collected at the rate of four fractions per hour. Eluents:0.5 mM ammo- 
nium formate to Fraction 100; 1.0 Mm ammonium formate, Fractions 101 to 120. 


drolyzed to thymine with 98 per cent formic acid at 175° for 1 hour (28). 
Upon paper chromatography of this compound in three solvent systems, 
an Ry identical to that of standard thymine was found in each case (see 
Potter and Schlesinger (2), Tables I and IT). 

Thymidine Diphosphate—The occurrence of TDP was originally sug- 
gested by the appearance of a small amount of thymidylic acid in a chro- 
matogram of an apyrase hydrolysate of an ATP peak. This evidence, 
together with the shift in As75/A260 seen at the end of the ATP peak in 
Fig. 1, suggested TDP. Rechromatography of Peak N’ with ammonium 
formate is shown in Fig. 3. After drying, a total of 2.4 wmoles of TDP 
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remained (Tables I and II). As tar as is known, the previously mentioned 
positive deoxyribose test on the ATP peak was due solely to TDP (1). 
Thymidine 5'-Phosphate— Although TMP was not apparent on the formic 
acid chromatograms, it is known to run very close to UMP in this system. 
Rechromatography of the UMP peak (Peak J, Fig. 1) with ammonium | 
formate, as in Fig. 2, gave 22 uymoles of UMP and 2.0 uwmoles of TMP. | 
The TMP had a typical thymidine spectrum (Table II) and analytical data — 
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i: 70.4 
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A560 
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0.44 
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FRACTION NUMBER 
Fic. 3. Portion of a chromatogram showing TDP and ATP, obtained by rechro- 
matography of Peak N’, Fig. 1. Conditions: Dowex 1-formate column, 1 X 50 cm., 
500 ml. mixing flask, and 4.0 ml. fractions. Eluents: Fractions 0 to 62, 1.0m ammo- 
nium formate; Fractions 63 to 82, 2.0 M ammonium formate; Fractions 83 to 150, 2.0 


| 


M ammonium formate + 0.75 Nn formic acid. 1 
I 
were satisfactory (Table I). Dephosphorylation with snake venom estab- ‘ 
lished that the phosphate was attached to the 5’ position. i 
Deoxycytidine Triphosphate—The CTP peak = 1.45) was 
fairly well resolved from the ATP peak. Rechromatography of this CTP 6 
peak with ammonium formate gave a CTP peak and small amounts of P 
CDP and ATP. The entire CTP sample was chromatographed on paper 
in the isobutyric acid-ammonia system. After 22 hours, two bands were F 
evident. The forward band was about 2.0 cm. wide and 20.2 cm. from the - 


starting point. This turned out to be D-CTP. The slower moving band, ' 
CTP, was just behind the first one, but well separated from it. It was t 


i 
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about 5 cm. wide with most of the material concentrated in about 2 cm. 
of the forward edge. 

Upon elution, the D-CTP band yielded 4.3 umoles and the CTP band 
5.9 umoles. Both compounds gave essentially identical absorption spectra 
in acid with the maximum at 280 my and the minimum at 242 mu. The 
ratio Amin/Amax Was 0.17 for D-CTP and 0.16 for CTP. The analytical 
and spectral data for D-CTP are reported in Tables I and IT. 

The CTP peak from another chromatogram was hydrolyzed for 10 min- 
utes in 1.0 Nn HCl and rechromatographed with formic acid. The three 
peaks which were found contained adenine, CMP, and CDP, respectively. 


TABLE I 
Chemical Properties of Pyrimidine Deoryribonucleotides 
The analytical data are reported as micromoles per micromole of nucleotide. 


Compound | Deoxyribose | Total P Acid-labile P 5’-P 
Tee... | 0.98 | 3.00 1.83 

0.97 | 2.78 | 1.63 
| 0.86 2.62 | 1.75 

0.78 

Synthetic 1.00 2.98 1.68 | 


* Hydrolysis product of TTP. 
t Hydrolysis product of D-CTP. 


The CDP peak was hydrolyzed for 15 minutes in 1.0 Nn HCl and combined 
with the CMP peak. This preparation was adsorbed on a Dowex 1-for- 
mate column and eluted as described by Khym and Cohn (30). Fractions 
20 to 25 contained 2.8 uymoles of D-CMP. Borate was removed from the 
influent at Fraction 27, and 4.1 wmoles of CMP were eluted in Fractions 
40 to 46. Therefore, the mixed cytidine 5’-phosphates which had been 
adsorbed on the column contained about 40 per cent of D-CMP and 60 per 
cent of CMP. 

The two cytidylie acids were freed from the eluents by adsorption on 
charcoal and elution with alcohol-ammonia. They had virtually identical 
spectra in acidic and basic solutions. The absorption maximum in acid 
was at 280 my for both compounds, the minimum at 244 mp. A Brody 
test (18) showed 0.89 umole of deoxyribose per micromole of D-CMP and 
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none in the CMP. Snake venom liberated 0.89 umole of phosphorus from 
the D-CMP, showing that the phosphorus was attached to the 5’ position 
of the deoxycytidine. The data for the D-CMP are summarized in Tables 
[ and II. 

To confirm the identity of the D-CMP obtained from the CTP peak, 
the nucleotide was chromatographed on paper in three different solvent ) 
systems in which it showed widely varying mobilities. The Ry of the 


TABLE II 
Spectral Properties of Pyrimidine Deoryribonucleotides* 
| pH 2 pH 13 
Compound 
Amax Amin A a Amax Amin 
mip mip Mp mip 
Natural TTP....... eee 266 235 0.27 266 245 
266 0.32 | 266 245 
267 234 0.26 267 246 
235-236 0.27 266 245 
Synthetic TTP............ 266 235 0.26 266 245 
266 235 0.26 266 245 
Natural D-CTP...........! 280 _ 242 0.17 272 251 
| 279 240-241 0.17 272 249 
280 _ 240-242 | 0.15 | 270-272 | 248 
| 280 244 0.23 272 250 
Synthetic D-CTP..... ....{ 279-280 | 241-242 0.13 270 248-250 
280 240-242 «(0.12 270 250 


* These values are taken from complete ultraviolet spectra of the isolated com- 
pounds. Thespectra of the synthetic and natural nucleotides are in good agreement 
with published spectra of thymidine and deoxycytidine (29). 

t Hydrolysis product of TTP. 

t Hydrolysis product of D-CTP. 


sample was identical with that of standard D-CMP in all three solvents and 
differed from the Ry of CMP in one of them by 0.12. 

Further evidence of the nature of the base was obtained by formic acid 
hydrolysis (28) of the D-CMP to cytosine. Paper chromatography of this 
compound gave R,r values similar to those of standard cytosine in three 

solvent systems. On the basis of this evidence, it was concluded that 
deoxycytidine 5’-phosphate could be obtained by acid hydrolysis of the 
CTP peak. 

Deoxycytidine Diphosphate—The CDP peak had an Ao75/A26) = 1.72. 
The dried sample was chromatographed on paper in the isobutyric acid- 
ammonia system and gave three bands. The most mobile band (Ry = 
0.47) was eluted and found to ccntain 4.9 wymoles of D-CDP. Since the 
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deoxyribose content was somewhat low (0.79 umole per micromole of cyti- 
dine compound) and the ratio of the absorption minimum to maximum 
was somewhat high, the sample was rechromatographed by ion exchange 
with formic acid and a single peak was obtained. Chemical analyses and 
spectral determinations yielded the data shown in Tables I and II. It 
has been shown previously that the ion exchange and paper chromatog- 


0 0.5 1.0 2.0 4.0 hr. 


Fic. 4. Enzymatic hydrolysis of natural and synthetic deoxycytidine triphos- 
phate. The two compounds were hydrolyzed separately by apyrase under the 
following conditions: 3.0 umoles of nucleotide, 0.005 ml. of 0.04 per cent brom thymol 
blue, 0.03 ml. of 0.01 m CaCl., 0.03 ml. of apyrase (0.33 mg. of nitrogen per ml.), pH 
adjusted to 6.8 with 0.1 N NaOH, and water added to a final volume of 0.3 ml. Since 
D-CTP was the only buffer, 0.005 to 0.01 ml. of 0.1 N NaOH was added during the 
course of the reaction to maintain pH 6.8. The incubation temperature was 25°. 
Aliquots of 0.05 ml. were withdrawn at 0, 0.5, 1.0, 2.0, and 4.0 hours. The reaction 
was stopped by the addition of 0.01 ml. of 0.1 N HCl. The acidified samples were 
chromatographed in the isobutyrie acid-ammonia system. S = synthetic D-CTP; 
N = natural D-CTP. 


raphy can be carried out in the reverse order and yield D-CDP of com- 
parable purity (2). 

Deoxycytidine 5'-Phosphate—Deoxycytidylic acid was the most difficult 
of all the pyrimidine deoxyribonucleotides to isolate. It is present in 
small amounts and moves with several other compounds when chromato- 
graphed with formic acid. Rechromatography of Peak C, Fig. 1, with 
ammonium formate gave about 40 uwmoles of DPN and 11.6 umoles of 
cytidine compounds. Paper chromatography of these cytidine compounds 
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in the isobutyric acid-ammonia system gave 8.7 pmoles of CMP and 2.0 
umoles of D-CMP. The latter was further purified by rechromatography 
on the formic acid system to yield 1.3 wmoles of D-CMP. The data are 
shown in Tables I and II. 

Comparison of Natural and Synthetic Nucleotides— A comparison of the 
analytical and spectral data on natural and synthetic TDP, TTP, D-CDP, 
and D-CTP can be made by inspecting Tables I and II. In addition, a 
time study was made of the stepwise enzymatic dephosphorylation of 
natural and synthetic triphosphates by apyrase. A chromatogram of 
such an experiment is shown in Fig. 4. It can be noted that most of the 
D-CTP is hydrolyzed within 30 minutes and replaced by D-CDP plus some 
D-CMP. At 1 hour D-CTP has disappeared and about equal amounts of 
D-CDP and D-CMP are seen. At 2 hours some D-CDP can still be seen, 
but by 4 hours only D-CMP remains. Similar results have been obtained 
with the natural and synthetic TTP. 

The natural and synthetic di- and triphosphates were chromatographed 
on paper in the isobutyric acid-ammonia system. The Ry of each of the 
four natural nucleotides was the same as the Ry of the corresponding 
synthetic compound. 

Purine Nucleotides—No purine deoxyribonucleotides have been found. 
In addition to testing the naturally occurring mono-, di-, and triphos- 
phates of adenosine and guanosine for deoxyribose, ATP and GTP were 
degraded with apyrase, and the monophosphates were isolated. In no 
case did the AMP or GMP obtained give a definitive test for deoxyribose. 
However, commercial deoxyadenosine monophosphate will withstand the 
procedures used in isolation of the pyrimidine deoxyribonucleotides. 

Uridine Nucleotides—None of the uridine nucleotides isolated (UMP, 
UDP, and UTP) gave a positive test for deoxyribose. 


DISCUSSION 


The most important fact brought out by these data is that compounds 
which might be considered the immediate precursors of DNA have been 
found in the acid-soluble extract of thymus. The conditions under which 
they were isolated strongly suggest that they are normally present and are 
not artifacts (27, 31). In other experiments, rat thymus has been frozen 
in liquid nitrogen immediately after extirpation and powdered in the frozen 
state. Chromatography of the acid-soluble extract of this tissue gave re- 
sults very similar to those reported here. 

It has been suspected for some time that nucleic acid synthesis might 
occur by reactions which involve nucleotides that contain one or more 
high energy phosphate bonds. Ikornberg (32) showed in 1950 that DPN, 
a dinucleotide with a 5’,5’ linkage, could be synthesized by an enzymatic 
reaction between ATP and nicotinamide ribose phosphate. Recently, 
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Grunberg-Manago et al. have synthesized RNA-like polymers with typical 
3’,5’ linkages with use of enzyme fractions from Azotobacter vinelandii 
(4). They have shown that nucleoside diphosphates are the direct pre- 
cursors of a nucleic acid-like polymer (cf. Potter et al. (33)).. More recently 
Kornberg et al. (5) have shown incorporation of labeled thymidine into 
DNA in enzyme extracts of Escherichia coli. They have suggested that 
net synthesis of DNA is involved and that TTP rather than TDP is the 
immediate precursor. Thus the TTP and D-CTP of thymus may be 
direct precursors of DNA synthesized by that tissue in vivo. 

The absence of deoxyuridine nucleotides in the acid-soluble fraction 
poses a problem in nucleotide metabolism. Orotic acid has been recog- 
nized as an excellent precursor of the UMP and CMP of RNA (34) as well 
as the TMP and D-CMP of DNA (35). These reactions presumably occur 
by a pathway which begins with synthesis of UMP from orotic acid with- 
out uridine as an intermediate (36), as indicated in the following tentative 
scheme. 


Orotie acid — O-5-P — UMP — UR — UDR 
DNA TTP <— TMP 5-methyl-UDR (thymidine) 


However, if conversion of the intact pyrimidine ribose moiety to pyrimidine 
deoxyriboside (37) occurred at the UMP level, some of the isolated uridine 
nucleotides would contain uridine deoxyribotide. Since this was not found, 
a possible alternative is the dephosphorylation of some UMP to uridine 
followed by conversion to deoxyuridine as shown above. The deoxyuri- 
dine could then be methylated to thymidine before reversion to the nucleo- 
tide. Deoxyuridine is known to be a very effective precursor of DNA 
thymidylic acid (38, 39), while 5-methyluridine is not (38), findings which 
suggest that methylation must occur after removal of oxygen at the 2’ 
position. In this way, the absence of deoxyuridine nucleotides can be 
harmonized with known pathways of nucleic acid synthesis. Other path- 
ways which would achieve the same over-all result are not, of course, 
excluded. 


SUMMARY 


The mono-, di-, and triphosphates of thymidine and deoxycytidine have 
been isolated from acid-soluble extracts of calf thymus with use of ion 
exchange and paper chromatographic techniques. 

Synthetic di- and triphosphates of thymidine and deoxycytidine have 
been prepared for comparison. 

Incompletely identified ultraviolet-absorbing materials in the acid- 
soluble extract of calf thymus are reported. 
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Some implications of these data with respect to deoxyribonucleic acid 


synthesis are discussed. 
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MECHANISM OF ACTION AND CRYSTALLIZATION OF 
LACTIC OXIDATIVE DECARBOXYLASE FROM 
MYCOBACTERIUM PHLEI 


By W. B. SUTTON 


(From the Lilly Research Laboratories, Eli Lilly and Company, 
Indianapolis, Indiana) 


(Received for publication, October 4, 1956) 


Earlier phases of an investigation concerning the lactic oxidative decar- 
boxylase! from Mycobactertum phlei (1, 2) extended the initial observations 
of Edson (3) and Edson and Cousins (4). <A similar type of enzyme, ob- 
tained from Mycobacterium avium, has been described by Yamamura et al. 
(5, 6). The flavoprotein character of the enzyme, as well as the absence 
of associated coenzymes, has been established. The exact nature of the 
prosthetic group, riboflavin 5’-phosphate, was determined through the use 


_ of paper chromatography, light absorption ratios, and apoenzyme reactiva- 


tion experiments (2). Certain atypical aspects of the enzyme activity, 
namely the failure of added catalase to influence the reaction (1, 3, 5) and 
the oxidation and decarboxylation of lactate as associated with a single 
protein unit (1), have been noted. 

The current report presents additional data supporting a mechanism 
of action designed to explain the activity of the lactic oxidative decarboxyl- 
ase and evidence as to the extent of purification achieved in the isolation 
of the enzyme from A. phlet. 


Methods and Materials 


The initial steps for the isolation and purification of the enzyme have 
been described previously (1,2). Crystalline beef liver catalase and horse- 
radish peroxidase were obtained from the Worthington Biochemical 
Corporation and were further purified before use. p1i-Glycidate, potassium 
salt, was prepared by the method of Freudenberg (7) from epichlorohydrin. 
Catalase activity was assayed according to the method described by Beers 
and Sizer (8) and peroxidase by the method described by Polis and Shmuk- 
ler (9). Paper electrophoretic data were obtained with a Spinco model R 
apparatus used in conjunction with an Analytrol scanner. The Durrum 
type cell was generally operated with a current of 15 ma. for 6 hours and 
barbiturate buffer of pH 8.6 with an ionic strength of 0.075. Crystalline 


1 Edson (3) refers to this enzyme as lactic dehydrogenase; Edson and Cousins (4), 
as lactic acid oxidase; Yamamura et al. (5, 6), as lactic oxidase I. 
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enzyme samples were examined in the Spinco analytical ultracentrifuge 
operated at 59,780 r.p.m. 


Results 
Nature of Metabolic Intermediates 


Action of Carbonyl Fixatives—It has been established by chemical bal- | 
ance studies that for each mole of lactate metabolized by the enzyme, | 
mole of oxygen is utilized and 1 mole each of acetate and CO, is formed. 
Experimental values resulting from a typical group of determinations are 


TABLE I 


Chemical Balance Determination of Lactate Utilization by Lactic 
Oxidative Decarborylase 


Experiment No. Oxygen COz Acetic acidt 
pmoles pmoles pumoles pumoles 
1 10 9.7 9.4 8.1 
2 12.5 12.5 12.4 11.5 


In Experiment 1, each Warburg vessel contained 467 y of partially purified en- | 
zyme, specific activity 75. The substrate used was L-lactic acid (zine salt). In — 
I:xperiment 2, each vessel contained 70 y of purified enzyme, specific activity 196. ' 

In addition, each vessel contained 0.5 ml. of 0.1 M phosphate buffer, pH 6.0; gas, 
oxygen; final volume, 2.0 ml.; temperature, 37°. The reactions were permitted to go _ 
to completion. No residual lactic acid was found. 

* Determined according to the method of Barker and Summerson (10). 

+t After steam distillation in the presence of MgSQ,, as described by Friedemann 
(11), and microtitration, the nature of the volatile acid was established by the paper | 
chromatography method of Isherwood and Hanes (12). In addition, the acid gave 
a positive lanthanum-iodine reaction (13). 


presented in Table I. Edson (3) and Yamamura et al. (6) have presented 
similar analytical data supporting the stoichiometry indicated. 

The flavoprotein character of the enzyme suggested that an oxidation 
product such as pyruvate might be intermediate in the metabolic pathway 
from lactate to acetate and CO... It was expected that the fixation of such 
an intermediate during the course of the reaction would interfere with CO: 
production but not with oxygen utilization. Anaerobic experiments have 
established the fact that the oxidative reaction step occurs prior to the 
decarboxylation. 

Edson (3) had demonstrated earlier the presence of pyruvate as a meta- 
bolic intermediate with use of acetone powders prepared from MM. phlei. 
The experiments were conducted under anaerobic conditions with methylene ( 
blue as the hydrogen acceptor. The pyruvate formed was isolated as the 
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2 ,4-dinitrophenylhydrazone. More recently Sutton (1, 2), using a puri- 
fied preparation of the enzyme, established the fact that the reaction will 
not proceed when either methylene blue or neotetrazolium? is used 
as hydrogen acceptors. This result, as well as those reported by 
Yamamura et al. (5, 6), who utilized a similar enzyme from M. avium, 
invalidates the earlier findings of Edson (3). Clarification as to the 
exact nature of the metabolic intermediate resulting from the activity 
of the purified lactic oxidative decarboxylase seemed to be in order. 


TaBLeE II 
Effect of Carbonyl Fizatives tn Oxidative Decarboxylation of Lactate 
Additions R. Q. 
lf None 169 167 0.99 
Hydroxylaminef (0.1 m) 76 85 1.12 
(0.01 mM) 159 158 0.99 
a5 (0.001 m) | 170 168 0.99 
28 None 168 166 0.99 
Methone (0.009 Mm) (in 10% ethanol) 136 133 0.98 
10% ethanol 147 142 0.97 


Enzyme preparation (specific activity 63), 137 y of protein per Warburg vessel; 
0.5 ml. of 0.4 m lithium lactate solution; 0.5 ml. of 0.1 M phosphate buffer, pH 5.7; 
gas, oxygen; final volume, 2.0 ml; temperature, 37°. All concentrations are given as 
final molarities. 

* Oxygen utilization and CO: production for the second and third 10 minute 
periods of the reaction. 

+t Hydrazine sulfate gave similar results. 

{ Efficiency of hydroxylamine-pyruvate fixation demonstrated in the following 
manner (14): (a) 10 wzmoles of pyruvate + 10 uwmoles of HO, — 227 wl. of COz (theory 
224); (b) same as above + 0.04 m hydroxylamine (added at the same time as H.O2) — 
Qul.of COz. Reaction time, 5 minutes. 

§ Methone, 5,5-dimethyl-1,3-cyclohexanedione. 


A series of experiments in which carbonyl! fixatives were added to the 
reaction mixture established the fact that no reactive carbonyl compound 
is formed (Table II). It will be seen that the fixatives do not influence the 
R. Q. values. <A general poisoning of the enzyme is apparently responsible 
for the reduction in the manometric values. The failure to observe fixa- 
tion strengthens the view that the enzyme in question has a dual function. 
It is also apparent that the expected oxidation product, pyruvate, if formed, 
does not dissociate from the enzyme surface and the decarboxylation of 
this intermediate probably occurs at or near the initial reaction site. 


2 2,2-(p-Diphenylene)bis(3,5-diphenyl) tetrazolium ion. 
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Competitive Inhibition—The fact that carbonyl fixatives fail to inhibit 
the production of CO, strongly suggests that either the carbonyl compound 
formed is not dissociated from the enzyme surface or the dissociated inter- 
mediate does not contain a carbonyl group. The latter possibility 
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Ii, =MOLES"' LITER 
Fic. 1. Competitive relationship of potassium glycidate and sodium pyruvate to 
lactate utilization. Standard assay conditions were used (1,2). Curves are plotted 
according to the method of least squares. For additional data see Table LI. 


suggested that glycidic acid (2 ,3-epoxypropionic acid) might be the interme- 
diate product resulting from the activity of the lactic oxidative decarboxyl- 
ase. Initially it was observed that the pi-glycidate, as previously shown 
in the case of pyruvate (1), does not serve as a substrate, nor does it react 
with carbonyl reagents. The fact that the products of enzymatic reac- 
tions may serve as inhibitors (15) suggested that glycidate might act in a 
similar manner. When glycidate and lactate were incubated together in 
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the presence of the enzyme, a definite lowering of the rate of reduction of 
2 ,6-dichlorophenol-indophenol was observed in the Beckman spectropho- 
tometer at 620 mu. 

More direct evidence of the competitive nature of glycidate was obtained 
with manometric experiments. The results of a typical series of experi- 
ments are presented in the form of a Lineweaver-Burk plot (16) (Fig. 1). 
Of even more interest are the results obtained with pyruvate under similar 
experimental conditions (Fig. 1 and Table III). As with glycidate, the 


TABLE III 


Michaelis Constants and Associated Values Based on Lineweaver-Burk Treatment 
of Competitive Inhibition Data 


Additions | Equation K, or K, | oF Vines x. x 
| mole perl. ———s mole per min. | 
= 0.043 108 Xx 1.7102 | 3.9 10-7 | 60 
| +2.6 X 105 | | 
Glycidate, 0.025 | | | | 
| | | 
| +2.0 106 | | | 
Glycidate, | | | | 
0.0025 = 0.06 X 10° x 6.4 4.0 & 10°77 | 157* 
X 108 | | | 


Pyruvate, 0.025 
y = 0.32 K 10% XK | 
+1.7 X 10° | 
Pyruvate, | 
0.0025 M....... y = 0.14 X 10% X (1.1 X 
+2.7 X 10° | 


3.74 XK 1077 900 


Standard assay conditions were used (1, 2). All concentrations are expressed as 
final molarities. The enzyme preparation used had a specific activity of 149, and 
each Warburg vessel contained 48.8 4 of protein. 

* If only L-glycidate is utilized, A; = 3.2 K 10-7 and 1/A, = 314. 


| 
| 


added pyruvate functions as a competitive inhibitor. The reciprocal of 
the calculated A, and K; values may be considered to be a measure of the 
relative affinity of the enzyme for the substrate and for the inhibitor (Table 
III) (17). The data indicate that the enzyme has the greatest affinity for 
pyruvate and the least for the substrate. It has also been established that 
8-chlorolactate can function as an inhibitor. 

Metabolic Intermediate—The fact that pyruvate can act as a competitive 
inhibitor suggested that, if the enzyme were used in substrate quantities 
under anaerobic conditions, it might be possible to demonstrate the pres- 
ence of this intermediate on the enzyme surface through the use of a 
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carbonyl fixative. 10 ml. of an enzyme preparation having a specific } 
activity of 63 (2) were incubated with 2 ml. of 0.4 m lithium lactate solution 
under anaerobic conditions in a large Warburg vessel. On addition of the 
substrate from the side arm of the vessel, the yellow color associated with 
the enzyme immediately disappeared. <A saturated solution of 2 ,4-dinitro- 
phenylhydrazine in dilute HCl was added to the main chamber from a 
second side arm. The reaction mixture was extracted with 3 volumes of 
ether. The dried ether extract was dissolved in a chloroform-ethanol 
mixture (4:1) and extracted with 1 N NasCOs; solution. The carbonate 
layer was adjusted to pH 4.5 with 1 N HCl solution and extracted with the 
chloroform-ethanol mixture. The extract was reduced to dryness under a 
vacuum and the residue dissolved in 0.1 M phosphate buffer, pH 7.2. The 
resulting solution was examined by descending paper strip chromatography 
according to the procedures described by Altmann eé al. (18) and Cavallini | 
et al. (19). The unknown 2,4-dinitrophenylhydrazone had the same 
mobility as a control sample of the 2,4-dinitrophenylhydrazone of pyru- | 
vate applied to the same strip. | 


Relation of Peroxide to Enzyme Activity 


Evidence for Formation of Peroxide—The extensive researches of Keilin 
and Hartree (20, 21) and others (22) have established the fact that the 
oxidations catalyzed by flavin enzymes result in the formation of H.Q.. , 
The addition of catalase to these systems reduces the oxygen requirement — 
to one-half as a result of the catalytic decomposition of HsO.. In certain 
of these systems, e.g. D-amino acid oxidase and glycolic acid oxidase, the 
H.O, formed is utilized in a spontaneous non-enzymatic reaction. If 
catalase is added to either of these systems, the oxygen utilization is re- 
duced to one-half and no CO, is produced. Moreover, the addition of 
ethanol plus catalase to a flavin enzyme results in a coupled oxidation and 
the formation of acetaldehyde (20, 23, 24). 

In contrast to these flavin systems, the addition of catalase to the lactic 
oxidative decarboxylase reaction system does not diminish the amount of 
oxygen utilized or COs produced (1, 3,5). In addition no coupled oxidation 
of aleohol has been observed (6). It is of interest to note that the PABA 
red’ reaction of Lipmann (26, 27) has been reported to be positive by Edson 
and Cousins (4). These investigators limited their observations to the 
measurement of oxygen utilization and a qualitative determination of 
peroxide formation based on the PABA red reaction. It seemed of interest 
to confirm this finding and to extend the experiments to include the pro- 
duction of CO.. A reduction in the amount of CO, produced by the enzy- 


3 PABA, p-aminobenzoic acid. The exact chemical nature of the PABA red com- 
plex is not known. A suggestion as to the nature of the complex can be found in 
the investigations of Saunders and Mann (25). 
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matic reaction would be a quantitative measure of the extent of the perox- 
ide reaction with PABA. It will be seen (Table IV) that no significant 
departure of the R. Q. values from the theoretical value of one was found. 
The amount of peroxide diverted by the peroxidase-PABA reaction is not 
sufficient to yield a manometrically measurable reduction in CO, produc- 
tion. 

It is of interest that the addition of an excess of catalase to the peroxi- 
dase-lactate oxidative decarboxylase system blocks the formation of both 
PABA red and purpurogallin. Stern and Bird (28) have reported the 
suppression of catalase activity by peroxidase and its substrates. 


TaBLeE IV 
Influence of Peroxidase on Activity of Lactic Oxidative Decarbozylase 


| | H202 
Test Group No. | Incubation ott ee | R. Q. | — 

| | Theory* Foundt 

min. ul. | pmoles umole 

l 7 | 91 | 89 0.98 | 4.1 0.12 

2 14 | 190 | 187 1.02 | 8.5 0.20 

3 21 | 291 | 287 0.99 | 13.0 | 0.25 

4 28 | 388 | 385 0.99 | Te 2 ae 


| 
| | 


Each Warburg vessel contained 70 7 of enzyme preparation, specific activity 196, 
0.5 ml. of 0.4 m lithium lactate solution, 0.5 ml. of 0.1 mM phosphate buffer, pH 6.0, 
0.5 ml. of 0.1 m PABA solution, 0.5 ml. of peroxidase solution (5850 units per ml.) ; 
gas, oxygen; final volume, 2.0 ml.; temperature, 37°. 

* Micromoles of H2O:2 possible based on oxygen utilization. 

t+ Micromoles of H.Os corresponding to the amount of PABA red formed. These 
values correspond to optical density values of the range 0.050 to 0.2 at 475 my in the 
Beckman spectrophotometer. 


Kvidence of Enzyme Purity 


Crystallization—A recent modification in the method used for the purifi- 
cation of the crude lactic oxidative decarboxylase involves a change in 
the ammonium sulfate concentration used to precipitate the enzyme. The 
fraction containing the enzyme is at present collected at 0.45 saturation 
rather than at 0.5 saturation. This change results in a preparation with 
slightly greater activity. The specific activity (2) at this point in the 
purification varies between 50 and 65 units of activity per mg. of protein. 
The further purification of the enzyme by precipitation at essentially the 
isoelectric point of pH 5.1 (2) effectively separates the lactic oxidative de- 
carboxylase from the principal contaminant, a hydroperoxidase.t This 
procedure can be accomplished with less loss of activity by reducing the 


* Details for the isolation of this enzyme will be published elsewhere. 
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dialysis time to a few hours. At this point in the purification the specific 
activity varies between 150 and 180 units of activity per mg. of protein. 
In a single instance a preparation with a specific activity of 240 was ob- — 
tained. | 

The bright yellow amorphous sediment resulting from the precipitation 
at pH 5.1 is suspended in a minimal volume of 0.1 mM phosphate buffer, pH 
6.0. It has been observed that the addition of a small amount of a satu- 
rated solution of ammonium sulfate (approximately 0.8 ml. for each ml. 
of buffer solution) aids in rendering the enzyme soluble. The process can 
be speeded by warming to 37°. The resulting supernatant fluid, after 
centrifugation, contains the enzyme. The initial crystallization of the 
enzyme can be accomplished by adjusting the solution to an ammonium ~ 
sulfate concentration sufficient to produce an incipient turbidity. If : 
slightly less salt is added than that amount required to produce visible — 
turbidity, there will be less chance of an amorphous precipitate forming. — 
The solution is chilled at 4—6° for 1 hour at which time a silky sheen charac- 
teristic of crystalline plates begins to appear. Complete crystallization, 
with a water-clear supernatant fluid, is apparent after 8 to 10 hours. 
Recrystallization is easily accomplished by removing the crystals by cen- 
trifugation and dissolving them in a minimal volume of buffer. The 
ammonium sulfate treatment is then repeated. Fig. 2 shows the yellow 
transparent plates obtained after three recrystallizations by the method 
described. The crystals are essentially non-birefringent and may be ren- 
dered soluble by warming to 37° and crystallized again by chilling to 4°. 

Physical Characterization—Partially purified preparations of the enzyme 
have been examined in the Tiselius electrophoresis apparatus and the re- 
sults reported (2). The preparations so examined were found to contain 
a single major component accompanied by a small minor component. The 
minor component was also observed on paper electrophoresis examination 
of these preparations. In barbiturate buffer at pH 8.6 and an ionic strength 
of 0.075, the minor component. has the same mobility as a purified sample 
of the hvdroperoxidase mentioned above. Paper electrophoretic and ultra- 
centrifugal examinations indicate that the first crystallization of the en- 
zyme removes essentially all of the contaminant. 

The crystals, from which the photograph shown in Fig. 2 was made, were 
removed from the suspending medium by centrifugation and dissolved in 
pH 6.9 phosphate buffer having an ionic strength of 0.1. This solution 
was examined in the Spinco analytical centrifuge. The sedimentation 
pattern obtained is given in Fig. 3. This result demonstrates that the 
crystalline lactic oxidative decarboxylase produces but a single boundary 
on ultracentrifugation. A second examination of the same sample in the 
presence of substrate demonstrated that the vellow color of the pros- 


Fic. 2. Crystalline lactic oxidative decarboxylase from /. phlet. Three times 
recrystallized material was suspended in 0.1 mM phosphate buffer, pH 6.0. The im- 
ages of certain crystals are blurred due to their movement through the suspending 
medium and the slow speed of the film used. The distinct rectangular crystals are 
actually end views of the erystalline plates. Photograph taken with a high dry 
objective (A = 0.65, 50:1) and a 10X eyepiece of an ““MEF’’ Reichert Universal 
camera microscope; 2150X. 


Fic. 3. Sedimentation pattern obtained in a Spinco analytical ultracentrifuge. 
Three times recrystallized material was dissolved in phosphate buffer, pH 6.9, and 
ionic strength of 0.1. Frame 1 was taken immediately after the rotor attained speed 
of 59,780 r.p.m. 
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thetic group can be reduced to the colorless form without changing the 
sedimentation characteristics of the enzyme. 

Molecular Weight—By using data obtained by measuring the absorption 
spectrum of the crystalline enzyme in its oxidized and reduced form, it 
has been possible to calculate an equivalent molecular weight. Assuming 
a molecular extinction coefficient for flavoproteins at 455 my of 1.04 « 107 
cm.2 X mole—' (29), the average equivalent molecular weight for several 
crystalline enzyme samples has been calculated to be 125,700: 

The ultracentrifugal experiments provide values in the range between 
12.7 and 12.8 X 10~" for the sedimentation constant. The diffusion con- 
stant was found to be 4.36 XK 1077 em.’ sec.-!.. Assuming a partial specific 
volume of 0.73, as recorded for flavin enzymes and similar proteins (30, 
31, 32), it is possible to calculate a molecular weight of about 260,000. 
These molecular weight data suggest that the lactic oxidative decarboxyl- 
ase has two prosthetic groups. It should be noted that a similar situation 
in regard to the equivalent molecular weight and that determined by 
ultracentrifugation has been reported by Keilin and Hartree for glucose 
oxidase (33). Determination of additional physicochemical properties 
of the crystalline enzyme is in progress. 


SUMMARY 


1. The lactic oxidative decarboxylase from Mycobacterium phlei, a ribo- 
flavin 5’-phosphate-containing enzyme, has been crystallized, and the 
homogeneity of the material established by two physicochemical methods, 
e.g. ultracentrifugation and electrophoresis. 

2. A tentative molecular weight of 260,000 has been assigned the enzyme. 
The equivalent molecular weight, based on spectrophotometric data, has 
been calculated to be 125,700. These data suggest that the enzyme con- 
tains two prosthetic groups. 

3. The enzyme has a dual function, 7.e. oxidation and cntaaner tenis 
of lactate to acetate and CO... A single protein is responsible for both of 
these activities. The failure of the intermediate reaction products, 7.c. 
pyruvate and H,.O., to dissociate from the enzyme surface and the further 
reaction of these substances under the influence of the enzyme to yield 
acetate and CO, differentiate this enzyme from the known flavin enzymes. 


The author is particularly indebted to members of the Physicochemical 
Division for the ultracentrifugal determinations. The author wishes to 
thank Mr. William R. Cherry for taking the photomicrographs. 
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LIPOGENESIS IN PARTICLE-FREE EXTRACTS OF RAT LIVER 
I. SUBSTRATES AND COFACTOR REQUIREMENTS* 
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AND SAMUEL GURIN 
(From the Department of Biochemistry, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, November 1, 1956) 


A particle-free extract has been prepared from rat liver which is capable 
of incorporating isotopic acetate, pyruvate, and acetyl CoA! into long 
chain fatty acids. While both cytoplasmic and mitochondrial enzymes are 
necessary for the complete system, evidence is presented suggesting that 
the presence of electrolytes in the homogenizing medium may act to ex- 
tract the lipogenic enzymes of the mitochondria into the soluble particle- 
free phase. 

The coenzyme requirements of this system have been established. In 
addition, a marked stimulation by cupric ion and by several acids of the 
tricarboxylic acid cycle has been observed. Some evidence is presented as 
to the mode of action of the latter. 


Methods 


Homogenates were prepared in 0.1 M potassium phosphate buffer (pH 
7.4) containing 0.03 M nicotinamide and 0.005 m MgCl, and the particles 
isolated in the manner previously described (1). Supernatant fluid was 
prepared by centrifuging the suspension at 100,000 * g for 30 minutes. 
Particle-free extracts were prepared by homogenizing the mitochondrial 
pellet with 4 volumes of cold distilled water. To the resulting mitochon- 
drial suspension was added particle-free supernatant fluid sufficient to 
restore the original volume. This suspension was then centrifuged at 
100,000 X g to remove all particulate material. 

Homogenates were also prepared in 0.25 mM sucrose solution containing 


* Supported in part by grants from the National Heart Institute of the National 
Institutes of Health, and the American Cancer Society. 

t Scholar in Cancer Research of the American Cancer Society. This work was 
done in part under tenure of a Damon Runyon Fellowship in Cancer Research. 

t Taken in part from a thesis submitted by W. N. Shaw in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy in the Department of Biochem- 
istry, University of Pennsylvania. 

' Abbreviations used in this paper are as follows: CoA for coenzyme A; CoASH for 
reduced coenzyme A; ATP for adenosine triphosphate; AMP for adenosine mono- 
phosphate; DPN for diphosphopyridine nucleotide; TPN for triphosphopyridine 
nucleotide; TPNH for reduced triphosphopyridine nucleotide; F.A. for fatty acids. 
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0.03 M nicotinamide as well as in mixtures of phosphate buffer and sucrose 
solution, and were fractionated by the method of Schneider (2). Before 
incubation, these preparations were fortified with phosphate buffer to give 
a final concentration of 0.1 M and a pH of 7.4. 

Pigeon liver particle-free extracts were prepared as described by Brady 
and Gurin (3). 

Incubations as well as recovery and assay of radioactivity of fatty acids 
were performed essentially as previously described (1, 3, 4). 

Acetyl-1-C' CoA was prepared from acetate-1-C™ and reduced coenzyme 
A by the method of Wieland and Rueff (5). Pyruvate-2-C'" was prepared 
from pyruvamide-2-C" by the method described in Paper II of this series 
(6). 

Citric acid was estimated quantitatively by the method of Natelson e¢ al. 
(7). Pyruvate, oxalacetate, and a-ketoglutarate were determined on the 
same sample by the method of Friedemann and Haugen (8). 

In some experiments radioactive acetate, citrate, acetoacetate, and 
38-hydroxybutyrate were recovered. After incubation, measured amounts 
of carrier were added to the incubation flask. The contents were mixed 
and divided into two equal parts for analysis. 

For the recovery of acetate, an acidified aliquot was steam-distilled, 
the distillate being collected in dilute alkali. The excess alkali was neu- 
tralized to pH 7.0 with dilute HCI] and the solution evaporated to dryness. 
The dry residue was extracted with hot ethanol, and acetate precipitated 
as the silver salt from the alcoholic extract. The dry silver salt was oxi- 
dized and counted as BaCQ3. 

After steam distillation of the acetic acid, the remaining solution was 
used for recovery of citric acid by the method of Weinhouse ef al. (9). The 
recovered quinidine citrate was plated and counted directly. 

Another aliquot was treated with copper sulfate and calcium hydroxide 
solutions (10). From the precipitate, long chain fatty acids were isolated. 
The copper-lime filtrate was treated with a solution of mercuric sulfate in 
sulfuric acid (Denigés reagent) and refluxed to decompose the acetoacetate. 
The resulting carbon dioxide was collected as barium carbonate and 
counted. The mercury acetone complex was isolated by centrifugation, 
dissolved in dilute HC], and the acetone redistilled into fresh reagent. The 
purified mercury acetone preparation was oxidized to barium carbonate 
for counting. 

After the treatment with hot Denigés reagent, the remaining solution 
was treated with 0.2 mmole of potassium dichromate and refluxed for 30 
minutes. The additional carbon dioxide given off represented the carboxy! 
carbon of B-hydroxybutyrate, while the additional mercury acetone was 
considered to represent carbons 2, 3, and 4 of 8-hydroxybutvrate. 
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Results 


Mitochondria plus supernatant fluid from homogenates of rat liver were 
capable of incorporating variable quantities of acetate into long chain 
fatty acids (Table I). In addition, an aqueous extract of mitochondria 
combined with a particle-free supernatant fluid results in a particle-free 
extract which can also incorporate acetate into fatty acids. It should also 


TABLE [ 
Incorporation of Acetate into Long Chain Fatty Acids by Fractions of 
Homogenates of Rat Liver Prepared in Buffered Solutions 
ach flask contained 4.5 ml. of enzyme system, 35 uwmoles of acetate-1-C!* (10,000 
¢.p.m. per uymole), K citrate 0.01 mM, and MgCl.0.005m. Total volume,5.0ml. Tem- 
perature 34°; gas phase, 95 per cent O2-5 per cent COz; time, 3 hours. At the end 
of the incubation, carrier palmitic acid was added to give a total of 10 mg. per flask. 


| | Recovered fatty acids 
Experi- | | 
Homogenizing fluid _ Enzyme system* | Specific acti-| Substrate in- 
_ Vity, ¢.p.m. | corporation, 
per mg. umoles 
1 0.1 mM phosphate buffer, pH 7.4; M+S38 | 550 | 0.55 
0.03 M nicotinamide | ‘4 buffer | 0 0.00 
ae | 45 | 0.04 
KM+ S58 128 0.13 
| Ss | 43 0.04 
3. | Same  EM+S 1.7 
| Ss 1200 1.2 
4 0.1 mM phosphate buffer, pH 7.4; | M+S58 | oa 0.72 
0.125 m sucrose; 0.03 M nicotine EM+S8 | 453 | 0.45 
amide | § 
5 | 0.085 m phosphate buffer, pH 7.4; M+S8 196 | 0.20 
0.25 m sucrose; 0.03 mM nicotina- EM+ 8 105 0.10 
0.10 


* M, mitochondria; 8, supernatant fluid; eM, aqueous extract of mitochondria. 


be observed that, when the homogenate is prepared in phosphate buffer, 
variable amounts of lipogenic activity may be found in the supernatant 
fluid, ranging from 10 to 70 per cent of that observed when mitochondria 
were added. Similar results were obtained when homogenates were pre- 
pared in sucrose solutions containing phosphate buffer (Table I). 

The possibility that lipogenic enzymes might be present in the super- 
natant fluid was further investigated by preparing homogenates in 0.25 M 
sucrose solution containing 0.03 mM nicotinamide, but no electrolytes. The 
data in Table II indicate that both intact mitochondria and supernatant 
fluid are required for lipogenesis when sucrose solutions are employed for 
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the homogenization. Furthermore, it is no longer possible to extract f 
lipogenic enzymes from such particles with water. Mitochondria prepared | 
in this way cannot alone incorporate labeled acetate and pyruvate into 
fatty acids except under conditions to be described in Paper II of this 
series (6). 

Pyruvate, acetate, and acetyl CoA are all satisfactory substrates for 
lipogenesis by the particle-free extracts (Table III). Contrary to previous © 
experience with liver slices (11, 12), pyruvate is used more efficiently than 


TABLE II 


Incorporation of Acetate into Long Chain Fatty Acids by Homogenates of Rat Liver 
Prepared in 0.25 m Sucrose Solution Containing 0.03 mu Nicotinamide ; 

Kach flask contained 4.0 ml. of enzyme system, 0.5 ml. of potassium phosphate 
buffer 1.0 m, pH 7.4, 35 umoles of acetate-1-C'™ (36,000 c.p.m. per umole), K citrate 
0.01 m, and MgCl, 0.005 mM. Total volume, 5.0 ml. Temperature 34°; gas phase, 95 
per cent O2-5 per cent CO:2; time, 3 hours. At the end of the incubation, carrier | 
palmitic acid was added to give a total of 20 mg. per flask. 


Recovered fatty acids 
Experi- 
| Specfic | _ Substrate 
activity, C.p.m. incorporation, 
 permg. F.A. umoles 
1 Mitochondria + supernatant fluid............... 5000) 28 
Aqueous extract of mitochondria + supernatant | | 
Microsomes + supernatant fluid. ............... | 
Mitochondria suspended in 0.25 M sucrose....... 
2 + microsomes + supernatant | 
Aqueous extract of all particles + supernatant | | 
3 Mitochondria + supernatant fluid............... 2500 1.4 
Aqueous extract of mitochondria + supernatant 


acetate for lipogenesis in these systems. A concentration of 35 ymoles in | 
5.0 ml. has been found to saturate the system with respect to acetate, but 
not to pyruvate. The addition of increasing amounts of pyruvate results 
in far higher incorporation of this substrate than of acetate. 

The incorporation of acetyl CoA is somewhat greater than that of 
acetate when equimolar quantities are employed. It was necessary to 
treat the enzyme system with charcoal prior to incubation (in order to 
remove excess CoA which appears to be inhibitory). 

The cofactor requirements of this system were studied after treatment of 
the particle-free extract with activated charcoal (Darco), as previously 


f 


XUM 


DITURI, SHAW, WARMS, AND GURIN 411 


described (13). Although some stimulation was obtained with ATP, 
DPN, and CoA before treatment with charcoal, striking effects were ob- 
served after treatment (Table IV). 

It is apparent that the system has a requirement for ATP, DPN, and 
CoA, and that ATP can be readily replaced by AMP. In the presence of 
these cofactors, no effect was obtained with TPN, lipoie acid, or cocarboxyl- 
ase. Similar results were obtained when acetate was used as a substrate. 

It was observed that the stimulating effect of the cofactors is much 
greater with charcoal-treated systems than with those untreated with char- 


TABLE III 


Incorporation of Labeled Acetate, Pyruvate, and Acetyl CoA into Long Chain Fatty 
Acids by Particle-Free Extracts of Rat Liver 
Conditions as in Table I, with certain exceptions; substrates were used as noted 
below. In Experiments 2 and 3, the enzyme system was treated with charcoal as 
described in the text. To the treated systems were added ATP 1 mg., DPN 1 mg., 
and, when acetate was the substrate, 2 umoles of CoASH. At the end of the incuba- 
tion, 10 mg. of carrier palmitic acid were added to each flask. 


| | one | Recovered fatty acids 
Exper i- | Substrates ».m. Specifi Subst 
| per mg. F.A. | umole 
1 Acetate-1-C" 12,600 35 
| 12,600 35 50 | 0.04 
Pyruvate-2-C™ 9,100 17.5 120 | 0.14 
| " 9,100 35 205 | 0.23 
| 9,100 52.5 
2 | Acetate-1-C!4 12,000 2 135 | 0.11 
Acetyl-1-C'™ CoA 18,000 2 292 | 0.16 
3 Acetate-1-C'4 12,000 2 129 | 0.11 
Acetyl-1-C' CoA 18,000 2 282 | 0.16 


coal. The stimulation was obtained consistently in several experiments, 
and is particularly remarkable since there is a 25 to 35 per cent loss of pro- 
tein during the course of charcoal treatment. This result is also contrary 
to that observed in previous studies with a comparable water-soluble 
system obtained from pigeon liver (13). This was also not observed in 
studies on cholesterol synthesis in particle-free extracts of rat liver (14). 

This phenomenon suggested that the charcoal might be contributing 
trace amounts of metallic ions to the enzyme system. Several ions were 
tested, and it was found that cupric or zine ions in optimal concentration 
produced a stimulation of lipogenesis from acetate (Table V). Similar 
results were obtained when pyruvate was used as substrate. 

In this and other laboratories (1, 12, 15, 16) it has been observed that 
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lipogenesis in a variety of systems is stimulated by the addition of acids } 
of the tricarboxylic acid cycle. With particle-free systems from pigeon — 
liver (12) and rat liver (1), it has been observed that citrate produces the 
greatest stimulation, although oxalacetate and a-ketoglutarate exert some 
effect. The concentration of citrate used is of importance, since maximal 
stimulation is observed when final concentrations of 0.01 m to 0.02 m are 
employed. No effect is obtained at a concentration of 0.001 m. 


TABLE IV 
Cofactor Requirements for Lipogenesis by Particle-Free Extracts of Rat Liver 
Charcoal-treated enzyme system, 4.3 to 4.4 ml., pyruvate-2-C™ (4550 ¢.p.m. per 
umole) 50 wmoles, and Kk citrate 0.01 Mm. Final volume, 5.0 ml. Temperature 34°; 
gas phase, 95 per cent O.-5 per cent CO.; time, 3 hours. Cofactors, when present, 
were ATP 1 mg., DPN 1 mg., CoASH 0.1 mg., AMP 1 mg. At the end of the incu- 
bation, 10 mg. of carrier palmitic acid were added to each flask. 


Recovered fatty acids 
System 
Specific activity, Substrate 
c.p.m. per mg. F.A.|incorporation, umoles 
Charcoal-treated extract.................... 0 
+ DPN + £CoASH.. 340 0.75 
+ ATP + 32 0.07 
4 DPN + ATP + | 
Charcoal-treated extract + DPN + AMP 4 


With a pigeon liver water-soluble system containing acetate-1-C' as the 
substrate, the amount of acetate utilized and incorporated into fatty acids, 
acetoacetate, and 8-hydroxybutyrate was determined in the presence and 
absence of citrate (Table VI). In experiments not reported here, the in- 
corporation of acetate into cholesterol, carbon dioxide, and citrate was 
determined and found to be negligible. When citrate was omitted, the 
acetate which disappeared accumulated largely as ketone bodies. Par- 
ticularly marked was the 3-fold increase in isotope incorporated into 
8-hydroxybutyrate under these conditions. The effect on acetoacetate was 
not as marked. The fate of the added citrate was also studied in the 
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particle-free extract from rat liver. Of the 50 wmoles of citrate (per 5 ml. 
of incubation mixture), 35 wmoles disappeared during the period of incuba- 


TABLE V 
Effect of Metals on Fatty Acid Synthesis by Particle-Free Extract of Rat Liver 


Conditions as in Table I, with the exception that the specific activity of the ace- 
tute-1-C!! was 36,000 ¢.p.m. per ymole. Carrier palmitic acid was added as indicated 


| Recovered fatty acids 


Experi- | | Carrier 
ment No. palmitic acid Specific activity, | Substrate 
c.p.m. per Incorporation, 
mg. F.A. umoles 
] | Particle-free extract | 30 | 236 | 0.17 
+ Cu** 0.0001 m | 30 | 555 0.46 
+ Zn** 0.0001 ‘ | 30 | 515 | 0.43 
Fe** 0.0001 30 | 286 | 0.22 
2 - Particle-free extract 20 | 2800 1.6 
+ 0.001 20 0.0 
+ (0.0001 20 | 4400 2.4 
+ ‘* (Q.00001 M 20 2900 1.6 
2.2 


+ Zn** 0.0001 20 4000 


| 
| 
| 
| 
| 
| 


TABLE VI 
Effect of Citrate on Incorporation of Acetate-1-C' into Certain Metabolites by Pigeon 
Liver Water-Soluble System 
Potassium citrate, when added, was in a final concentration of 0.01 mM. For ex- 
perimental details, see the text. 


Experiment 1 Experiment 2 
+ citrate — citrate | + citrate | —citrate 
Acetate added, 70 |70 |70 |70 | 70 | 7 | 70 70 
recovered, pmoles.... 45 47 45 49 43 46 52 | 53 
utilized, umoles ..... 25 27 24/18 17 
incorporated into | | | | 
fatty acids, wmoles........ 8.5 9.3; 0.1 0.1/10 | 9 | 0.02; 0.02 
Into acetoacetate, umoles.... 6.8 6.8 10 11 3 
Into B-hydroxybutyrate, | | | 
Acetate not accounted for, | | | | 
| 


tion. A major portion of this could be accounted for as either a-ketoglu- 
tarate or as oxalacetate and pyruvate (measured together as pyruvate). 
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Since the latter observation suggests a possible implication of reduced 
TPN, an attempt was made to replace citrate with another system capable 
of generating TPNH. Although systems were incubated with glucose-6- 
phosphate, TPN, and glucose-6-phosphate dehydrogenase in place of 
citrate, no effect was obtained. 


DISCUSSION 


The work of Kennedy and Lehninger (17) and of Drysdale and Lardy 
(18) has demonstrated that all of the enzymes necessary for the oxidation 
of long chain fatty acids are located in the mitochondria. Later work with 
the purified enzymes necessary for fatty acid oxidation suggested that the 
steps were reversible, and that synthesis is simply a reversal of oxidation 
(19, 20). Whether this is so or not remains a moot point, since mitochon- 
dria alone will not incorporate acetate or pyruvate into long chain fatty 
acids without the addition of supernatant fluid (4) or butyryl CoA (6). 

Langdon (21) has reported that all of the enzymes necessary for fatty 
acid synthesis may be found in the supernatant fluid of rat liver, and Brady 
et al. (22) have made the same statement for extracts of pigeon liver. 
This would imply that the enzymes for synthesis and oxidation are com- 
pletely separate in the intact cell. Hogeboom ef al. (23) have demonstrated 
that, in order to obtain morphologically intact mitochondria, homogeniza- 
tion must be performed in sucrose solution alone; if electrolytes are em- 
ployed, particles are obtained which no longer have the appearance and 
staining characteristics of the intracellular particles. The evidence pre- 
sented in this paper suggests that homogenization in phosphate buffer, or 
in sucrose solutions containing phosphate buffer, results in sufficient 
alteration of the mitochondria to permit easy extraction of a portion of the 
lipogenic enzymes into the supernatant fluid. Furthermore, the particles 
obtained in this manner appear to be so altered that additional lipogenic 
enzymes are readily extracted by water or hypotonic solutions. After 
homogenization in sucrose solution, no lipogenic activity can be observed 
in the supernatant fluid, nor can the enzymes be extracted from the mito- 
chondria by water. Langdon (21) prepared his homogenates in sucrose 
solutions buffered with small amounts of phosphate buffer. Brady ef al. 
(22) prepared supernatant enzyme systems from pigeon livers homogenized 
in phosphate buffer. 

The coenzyme requirements of this system (except for cupric ion) con- 
form to those found for lipogenesis in the pigeon water-soluble system 
(13), and for cholesterogenesis in the rat particle-free extract (14). The 
stimulating effect of cupric ion is observed only with the particle-free 
extract, and is not obtained with homogenates. This may be due to the 
differences in the amount of protein in the two systems or to the fact that 
in one case the enzymes are bound to particles while in the other they are 
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rendered soluble. Cupric ion has been reported as a requirement for opti- 
mal activity of butyryl CoA dehydrogenase (24). 

A requirement for acids of the tricarboxylic acid cycle in lipogenesis has 
been shown for the pigeon water-soluble system (3) and for homogenates 
(1, 15) and particle-free extracts (1) of rat liver. Popjaik and Tietz (16) 
reported maximal stimulation by a-ketoglutarate and little or none by 
citrate in the case of mammary gland. In contrast, we find most marked 
effects by citrate and less with a-ketoglutarate. 

The results of the balance study suggest that in the absence of citrate the 
process of lipogenesis stops at the stage of B-hydroxybutyryl CoA with a 
resulting accumulation of ketone bodies. This implies some kind of block 
at the level of crotonase or upon the reduction of crotonyl CoA. The fact 
that so much of the citrate disappears during the incubation suggests that 
there is a requirement for reduced TPN. This concept is bolstered by the 
finding of Langdon (21) that the reduction of crotonyl CoA requires re- 
duced TPN. We have been unable, however, to replace the requirement 
for citrate by means of glucose-6-phosphate, glucose-6-phosphate dehy- 
drogenase, and TPN, nor have we been able to establish a requirement for 
TPN in the cofactor studies. 


SUMMARY 


The incorporation of acetate, pyruvate, and acetyl coenzyme A (CoA) 
into long chain fatty acids by particle-free extracts of rat liver has been 
studied. Evidence is presented that some of the essential enzymes for 
lipogenesis are located in the mitochondria of the liver cell. Studies with 
homogenates prepared in phosphate buffer demonstrate that the added 
electrolyte appears to extract part of the lipogenic enzymes from the mito- 
chondria, and produces particles from which the lipogenic enzymes can be 
extracted readily by water. 

It has been shown that there is a requirement for adenosine triphos- 
phate, diphosphopyridine nucleotide, and coenzyme A for the incorpora- 
tion of acetate and pyruvate into long chain fatty acids by particle-free 
extracts of rat liver. The addition of cupric or zinc ions to such extracts 
stimulates lipogenesis. 

Marked stimulation by 0.01 Mm citrate is observed with these systems. 
In the absence of citrate, labeled acetate is converted predominantly to 
acetoacetate and 6-hydroxybutyrate. It is suggested that this effect may 
be ascribed to a block at the level of crotonase or to a diminished reduction 
of crotonyl CoA to butyryl CoA. 
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The depressed lipogenesis associated with experimental diabetes appears 
to be related in some manner to the process of glycolysis (1-8). Previous 
work (9) has demonstrated that aqueous particle-free extracts of livers of 
alloxan-diabetic rats or depancreatized pigeons are relatively incapable of 
incorporating acetate-1-C'™ or pyruvate-2-C" into long chain fatty acids. 
The addition of certain phosphorylated intermediates of glycolysis to such 
extracts resulted in marked though incomplete restoration of lipogenic 
activity. 

The experiments described in this paper represent a further study of 
these phenomena. In addition, it has been observed that the glycolytic 
system can be dispensed with, provided liver mitochondria are fortified 
with butyryl coenzyme A. Under these conditions, mitochondria derived 
from livers of alloxan-diabetic rats recover fully their lipogenic activity. 

Animals—Rats of the Wistar strain weighing 100 to 125 gm. were used 
exclusively in these studies. To prepare alloxan-diabetic rats, the ani- 
mals were fasted for 48 hours and then injected intravenously (tail vein) 
with 50 mg. of alloxan per kilo of body weight. The animals were used 3 
to 4 weeks after treatment, at which time they had a urinary glucose out- 
put ranging from 4 to 16 gm. per 24 hours. Blood sugar was determined 
before they were killed and it ranged usually from 340 to 680 mg. per cent. 
Food intake, when measured before death, was found to be adequate. 

Substrates—The substrates used in these experiments were acetate-1-C™ 
and pyruvate-2-C"™. Pyruvate-2-C' was prepared in the following manner: 
3 ml. of an aqueous solution containing 0.5 gm. of pyruvamide-2-C' (m.p. 
127°) were placed in a flask equipped with a dropping funnel, air condenser, 
and a high speed stirrer. The flask was immersed in a salt-ice bath, and 
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3 mil. of cold concentrated hydrochloric acid were added slowly. 2 ml. of 
cold 40 per cent aqueous sodium nitrite were then added dropwise over a 
2 hour period with constant high speed stirring; stirring was continued for 
an additional hour. The reaction mixture was then saturated with NaC] 
and exhaustively extracted with ether. 

The combined ether extracts were dried over anhydrous sodium sulfate, 
and the solvent was removed by evaporation under dry nitrogen. To the 
residual syrup were added 2 ml. of absolute ethanol, and the solution was 
cooled in a salt-ice bath. It was then carefully titrated with concentrated 
alcoholic NaOH to pH 7.4 to 8.0. A copious white precipitate which 
formed was allowed to stand for 30 minutes in the cold, then centrifuged, 
and washed twice with cold absolute ethanol and once with cold absolute 
ether. The crystalline sodium pyruvate was dried over nitrogen and 
finally in a vacuum desiccator. The average yield was 90 per cent; color- 
imetric analysis indicated it to be 98 to 99 per cent pure. The product 
was free from chloride. The 2,4-dinitrophenylhydrazone melted at 215°. 
The non-radioactive carrier pyruvamide used in this synthesis was pre- 
pared by the method of Anker (10). 

Since pyruvate prepared in this way is frequently found to contain small 
amounts of a toxic material, further purification by chromatography is 
necessary. The method used was a modification of that of Swim and 
KXrampitz (11) by means of which a recovery of 98 per cent was obtained. 
When the concentration of butanol in chloroform was raised from 5 to 10 
per cent, a fraction was eluted which contained the toxic material.' 

Phosphate E’sters—TVhe barium salts of the phosphate esters were dis- 
solved in 0.1 N HCl and stoichiometric amounts of potassium sulfate added 
at O°. Barium sulfate was removed by centrifugation, and the super- 
natant fluid neutralized. pi-3-Phosphoglyceraldehyde was obtained as 
the calcium salt (Concord Laboratories). Phosphopyruvate was prepared 
according to the method of Iiessling (12). 

The preparation of homogenates and enzyme systems, conditions of incu- 
bation, and the recovery and assay of radioactivity of fatty acids have been 
previously described (6, 9, 13). 


Results 


Lipogenesis tn “Diabetic” Systems—The data reported here indicate that, 
in the particle-free systems obtained from livers of alloxan-diabetic rats, 
there is a significant decrease in the synthesis of fatty acids when compared 
to the normal rat (Table I). The addition of a lysate of normal mitochon- 
dria to the diabetic systems was without any effect upon lipogenesis. In 
contrast, the addition of normal supernatant fluid stimulated lipogenesis. 


1 We wish to thank Dr. Fred Leaver for assistance with this purification. 


2 
| 


— ~ 


W. N. SHAW, F. DITURI, AND S. GURIN 419 


The same results have been obtained with pyruvate-2-C" as the substrate 
(9). The stimulation produced by the addition of normal supernatant 
fluid to the diabetic system is further increased by supplementation with 
F-1,6-P.2 It is clear that the supernatant fluid from the normal rat con- 
tains the component or components which are missing In the diabetic sys- 
tem. 


TABLE | 

Stimulation of Lipogenests in Diabetic Rat Liver Particle-l'ree Extract 
The system consisted of 4 ml. of enzyme system, 0.01 mM K citrate, 0.002 Mm MgCls, 
10-* CuCl.s, mg. of DPN, 38 wmoles of acetate-1-C'™ (12,000 ¢.p.m. per umole) 
plus additions indicated below. ‘Total volume, 5.5 ml.; gas phase, 95 per cent O»2-5 
per cent CQO:s; incubation time, 3 hours; temperature 34°. At the end of the incuba- 
tion, 10 mg. of carrier palmitic acid were added to each flask. 


Recovered fatty acids 


Additions 
Specific Substrate 
activity | incorporated 
Aqueous extract of normal mitochondria, 0.01 
perme: supernatant Gaid, 44 0.04 
mil. aqueous extract | 
F-1,6-P, 11 umoles + 1 mg. ADP + normal supernatant | | 
F-1,6-P, 11 wmoles + 1 mg. ADP + dialyzed normal super- | 
Normal mitochondria + normal supernatant fluid. 276 0.23 


* The normal liver supernatant fluid was dialyzed for 2 hours against phosphate 
buffer, pH 7.2. To the incubation mixture were added, in addition to those ma- 
terials given above, 0.5 mg. of ATP and 0.1 mg. of CoASH. 


The incorporation of acetyl CoA into long chain fatty acids by normal 
liver systems has been demonstrated (13). This conversion is depressed 


* The following abbreviations are used in this paper: F-1,6-P for fructose-1,6- 
diphosphate; ATP for adenosine triphosphate; ADP for adenosine diphosphate; 
DPN for diphosphopyridine nucleotide; DPNH for reduced diphosphopyridine 
nucleotide; TPN for triphosphopyridine nucleotide; TPNH for reduced triphos- 
phopyridine nucleotide; ITP for inosine triphosphate; FAD for flavin adenine dinu- 
cleotide; G-6-P for glucose-6-phosphate; CoA for coenzyme A; CoASH for reduced 
coenzyme A; F.A. for fatty acids. 
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to the same extent as that observed with acetate and pyruvate in the 
diabetic liver system. 

Effect of Addition of Phosphorylated Intermediates—Attempts to duplicate 
the stimulating effect of normal supernatant fluid by the addition of 
phosphorylated intermediates of glycolysis to the diabetic system were 
partially successful. F-1,6-P at a concentration of 11 umoles in 5 ml. of 
total system consistently gave the greatest stimulation of lipogenesis 
(Table I). This effect was enhanced by the simultaneous addition of 
ADP. Glucose with or without insulin was ineffective; the addition of 
veast hexokinase did not alter these results (Table II). In contrast, 


TABLE II 


Effect of Glucose, Insulin, and Hezokinase on Particle-Free Extracts of Normal 
and Diabetic Rat Livers 


Conditions as in Table I, with one exception; the substrate used was pyruvate- 
2-C' (9000 ¢.p.m. per wmole), 52.5 pymoles per flask. The results are expressed on 
the basis of an equal protein concentration. 


Recovered fatty acids 


Specific activity, | 


Additions mg. |Substrate incorporated 

Normal | Normal | Diabetic 
| umole 
“ 11“ +41 “ yeast hexokinase.....) 288 | 16 | 0.36 | 0.02 
Yeast hexokinase, 1] mg..... 272 | 18 0.34 0.02 


G-6-P, 3-phosphoglyceraldehyde, and phosphopyruvate stimulated lipo- 
genesis to a varying degree (Table III). G-6-P in the presence of ATP 
was more effective than the ester alone. TPN together with G-6-P did 
not increase the rate of lipogenesis, while ribose-5-phosphate was without 
effect. 

The addition of phosphorylated intermediates to normal systems often 
produced slight to moderate stimulation of lipogenesis over the control 
values. This suggests that the enzyme systems as prepared may not con- 
tain the optimal amount of substrate for glycolysis. 

It should be noted that the addition of phosphorylated intermediates to 
the diabetic systems did not completely restore the level of lipogenesis to 
that of the normal systems. Actual determination of the protein content 
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of the normal and the diabetic systems revealed that the latter contained 
about half the protein found in a normal system. Even when corrected 
for the difference, the diabetic systems fortified with phosphate esters were 
only one-fourth to one-half as efhcient as the normal preparations. 
Replacement of Supernatant Fluid—-Attempts were made to replace the 
supernatant fraction of the normal systems with either single enzyme 
systems or a combination of enzymes. Alcohol dehydrogenase obtained 


TABLE III 


Synthesis of Fatty Acids from Acetate-1-C™ in Particle-Free Extracts 
of Diabetic Rat Liver 


The complete system was the same as that described for Table I. 


Recovered fatty acids 


Additions | 
Specitic activity 

11 she + 1mg.ADP...... 268 0.07 
Phosphopyruvate, 22 umoles...... 128 0.04 
+1mg. ADP. 169 0.05 

44 69 0.06 
Ribose-5-phosphate, 11 uwmoles..... 13 0.01 


* Substrate, acetate-1-C!! 36,000 ¢.p.m. per umole. 
t Substrate, acetate-1-C!! 12,000 ¢.p.m. per umole. 


from yveast (14), muscle triose phosphate dehydrogenase (15), muscle 
phosphopyruvotransferase (16), and a combination of the last two enzyme 
systems alone or with rabbit muscle glycolytic system failed to replace the 
supernatant fluid. Muscle glycolytic system alone also failed. Low tem- 
perature protein fractions of the normal supernatant fluid obtained by 
treatment with alcohol, acetone, or ammonium sulfate yielded no fraction 
or combination of fractions that were active. Addition of an ultrafiltrate 
of supernatant fluid or of clarified yeast juice to any single fraction or 
combination did not stimulate synthesis. Lengthy dialysis of supernatant 
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fluid resulted in inactivation, although some activity was retained after 
brief dialysis (Table I). 

Synthesis of Fatty Acids by Washed Mitochondria—Lipogenesis was 
achieved with washed liver mitochondria alone, pyruvate-2-C"™ being uti- 
lized as the substrate, provided that butyry! CoA was supplied. The 


TABLE IV 
Incorporation of Pyruvate-2-C'* into Fatty Acids by Normal Rat Liver Mitochondria 


The complete system contained 4.5 ml. of mitochondrial suspension (in 0.1 M 
phosphate buffer, pH 7.2) obtained from 4 gm. of liver, 1.0 mg. of DPN, 0.002 m 
MgCl., 0.01 m K citrate, 5 wmoles of butyryl CoA, and 52.5 umoles of pyruvate-2-C' 
(7900 ¢.p.m. per Total volume, 5.0m]. Gas phase, 95 per cent O2-5 per cent 
('O.; time, 3 hours; temperature 34°. At the end of the incubation, carrier palmitic 
acid was added to give a total of 10 mg. per flask. The specific activities of the fatty 
acids are given as the mean obtained in several experiments; the range is given in 
parentheses. 


Recovered fatty acids 


| Specific activity incorpo- 
| | rated 
| | c.p.m. per mg. F.A. pmole 

| 5 | 109 (90-120) 0.14 

| 101 (101-102) 0.13 

5 | 8 (2-12) 0.01 
+ ITP, 0.5 ‘“ + FAD, 0.5 mg.............., I | 1] 0.01 

6 7 


(5-10) 0.01 


addition of DPN and citrate as well as butyryl CoA (Table IV) was re- 
quired. It is to be noted that this system has a definite requirement for 
citrate (13). 

Addition of ITP, FAD, cupric ion, ADP, ATP, TPN, or DPNH did not 
stimulate fatty acid synthesis; on the contrary, inhibition was observed. 
The reasons for the inhibitory effect of these cofactors and cupric ion on 
this system are not clear. Although several possible explanations may be 
advanced, further study will be needed to clarify this issue. 
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Butyryl CoA replaces the supernatant fluid of both the normal and the 
diabetic rat liver svstems (Table V). Under these conditions, the dia- 
betic mitochondria synthesize fatty acids as efficiently as normal mito- 
chondria. The addition of F-1,6-P to either the normal or diabetic 
mitochondrial system in the presence of butyryl CoA was without effect. 


TABLE V 
Comparison of Incorporation of Pyruvate-2-C' into Normal and Diabetic 
Rat Liver Mitochondria 
The system and conditions were the same as those described for Table IV. The 
results are expressed on the basis of equal amounts of protein. Four experiments 
were carried on in each instance. 


Recovered fatty acids 
Conditions 
Specific activity 

c.p.m. per mg. F.A. umole 

without butyryl CoA............... 0 


DISCUSSION 


The demonstration that butyryl CoA is capable of replacing the super- 
natant fluid of both normal and ‘‘diabetic” liver homogenates provides a 
new and interesting clue to the nature of the lipogenic process. Since this 
synthetic process is essentially reductive, the availability of suitable as well 
as adequate quantities of hydrogen donors becomes significant. It is 
apparent that, whereas normal supernatant fluid provides something which 
permits mitochondria to synthesize butyryl CoA, this ability is lost in the 
diabetic system. Langdon (17) has recently shown that the conversion of 
crotonyl CoA to butyryl CoA is TPN-dependent. Although we have been 
unable to replace the citrate requirement with a system which forms 
TPNH (13), it is possible that further experimentation will indicate that 
an optimal concentration of this cofactor must be provided. 

It is possible also that the effect of citrate upon both lipogenesis and the 
production of ketone bodies (13) can be explained according to the TPNH 
production via isocitric dehydrogenase. If the isocitric dehydrogenase 
system produces a relatively high ratio of TPNH-TPN, then it seems 
clear that B-hydroxybutyryl CoA derived from pyruvate or acetate would 
be diverted in the direction of butyryl CoA (via crotonyl CoA and subse- 
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quent reduction). This could explain both the increased lipogenesis and 
the decreased formation of ketone bodies caused by citrate. It is also 
possible that the requirement for the enzymes of the supernatant fluid may 
be related to their ability to supply adequate TPNH as well as DPNH. 

It has been claimed (18-20) that the oxidation of butyryl] CoA to crotony] 
CoA is FAD-dependent. Although further work will be necessary to 
clarify the cofactor requirements for the butyryl CoA = crotonyl CoA 
reaction, it seems likely that the lipogenic defect in diabetes is concerned 
with this particular step. Washed mitochondria when properly fortified 
are capable of completely oxidizing fatty acids. They are, nevertheless, 
apparently incapable of providing a sufficiently high ratio of TPNH-TPN 
to drive the reaction in the reverse direction. It appears, therefore, that 
normal supernatant fluid is capable of providing such conditions, whereas 
supernatant fluid obtained from livers of diabetic animals is deficient. 


SUMMARY 


In the particle-free systems of alloxan-diabetic rat liver, there is a sig- 
nificantly depressed lipogenesis when compared with systems derived from 
the normal animal. The defect appears to be localized in the supernatant 
fraction of the ‘‘diabetic” homogenate. Addition of phosphorylated inter- 
mediates of glycolysis to the ‘‘diabetic”’ particle-free systems produces a 
partial restoration of lipogenic activity. 

Washed mitochondria of rat liver can convert labeled pyruvate to long 
chain fatty acids, provided butyryl coenzyme A (CoA) is supplied; diphos- 
phopyridine nucleotide and citrate are required. Butyryl CoA can effec- 
tively replace the supernatant fraction of both norma] and diabetic rat 
liver systems. Under these conditions there is no difference in the lipo- 
genic activity of normal and “‘diabetic”? mitochondria. Glyvcolytie inter- 
mediates have no effect upon lipogenesis by mitochondria fortified with 
butyrvl CoA. 
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Enzymes are known which can split DPN! at several different sites. 
The various types of cleavage are summarized in the following reactions: 


DPN + H,O — nicotinamide + adenosine diphosphate ribose (1) 
DPN + H.O — NH; + deamino-DPN (2) 

DPN + PP — ATP + nicotinamide mononucleotide (3) 
DPN + H.0 — 5’-AMP + nicotinamide mononucleotide (4) 


Reaction 1 is catalyzed by DPNase and has been observed in higher 
animals (1, 2), in Neurospora (3), and in some bacteria (4). Reaction 2 
is catalyzed by a deaminase found in Taka-Diastase (5). Reaction 3 is the 
DPN pyrophosphorylase from hog liver, as described by Iornberg (6); 
it is the only reversible reaction of those shown. The pyrophosphatase 
splitting shown in Reaction 4 has been observed in preparations of plants, 
animals, and bacteria. 

The specificity of different pyrophosphatases toward DPN and DPNH 
varies from one enzyme to another. The highly purified potato tuber 
pyrophosphatase, reported by Kornberg and Pricer (7), splits DPN twice 
as fast as DPNH. A kidney particle preparation, on the other hand, splits 
DPNH about twice as fast as DPN, when tested by Kornberg and Lind- 
berg (8). As will be reported elsewhere, many animal pyrophosphatases 
split DPNH more rapidly than DPN (9). 

In this communication we shall report on a purified nucleotide pyro- 
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1 The abbreviations used in this paper are DPN and DPNH, oxidized and reduced 
forms of diphosphopyridine nucleotide; TPN and TPNH, oxidized and reduced forms 
of triphosphopyridine nucleotide; ATP, adenosine triphosphate; ADP, adenosine 
diphosphate; 5’-AMP, 5’-adenylic acid; FAD, flavin adenine dinucleotide; Tris, 
tris(hydroxvmethyl)aminomethane; PP, inorganic phosphate. 
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phosphatase from pigeon liver which splits DPNH but does not attack 
oxidized DPN. 


Materials and Methods 


Monoesterase was prepared? from human hypertrophied prostate glands 
according to Markham and Smith (10). Preparation of the specific 5’- 
AMP deaminase was according to the method of Nikiforuk and Colowick 
(11). Yeast alcohol dehydrogenase was obtained from the Worthington 
Biochemical Corporation. The lactic dehydrogenase was prepared by 
the method of Neilands (12). The acetone powder of pigeon livers was 
prepared according to the procedure of Kaplan and Lipmann (13). 

The analogues of DPN were prepared as described by Kaplan and Ciotti 
(14). Synthesis of diadenosine 5’-pyrophosphate was described by Shuster 
et al. (15). Deamino-DPN was prepared as described previously (16, 5), 
and the a isomer of DPN was obtained by the method of Kaplan et al. (17). 
Reduced pyridine dinucleotides were prepared enzymatically by yeast 
alcohol dehydrogenase (18) or chemically by hydrosulfite (19). The milli- 
molar extinction coefficients (/’) used were as follows: 7.8 for the reduced 
3-acetylpyridine analogue of DPN and 6.3 for DPNH and other reduced 
analogues (14, 20, 21). DPN was obtained from the Pabst Laboratories 
and FAD from the Sigma Chemical Company. 

The protein concentration was measured by a modified method of Lowry 
et al. (22). Phosphate was determined by the procedure of Fiske and 
Subbarow (23). 

Assay of DPNH Pyrophosphatase—Assay of pigeon liver DPNH_ pyro- 
phosphatase was performed in 0.1 mM Tris, pH 7.5, 0.01 Mm MgCl, and 
2 X 10°* um DPNH in a total volume of 1 ml. During incubation at 37° 
aliquots were removed at zero and subsequent times, and the amount of 
DPNH was measured by yeast alcohol dehydrogenase and acetaldehyde. 
The absorption at 340 my of reduced nicotinamide mononucleotide, the 
presumed product of DPNH splitting, is the same as that of DPNH. 
Therefore, the increase of absorption after oxidation of the DPNH by 
alcohol dehydrogenase and acetaldehyde represents reduced nicotinamide 
mononucleotide produced by the pyrophosphatase. Such an assay is rep- 
resented in Table I. A unit of activity for the pyrophosphatase, with 
DPNH as substrate, was defined as an increase of 0.001 in optical density 
of the reaction mixture at 340 my in 40 minutes after the sample had com- 
pletely reacted with aleohol dehydrogenase and acetaldehyde. The specific 
activity is expressed in units per mg. of protein. 


2 We wish to thank Dr. C. DeLuca for the preparation of the monoesterase, Mr. 
I. i. Stolzenbach for the preparation of the analogues of DPN and the lactie de- 
hydrogenase, and Dr 1. Sbuster for the diadenosine 5’-pyrophosphate. 
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DPN pyrophosphatase activity was determined similarly; DPN was 
substituted for DPNH in the incubation mixture, and its disappearance was 
followed with alcohol dehydrogenase and ethanol. 

TPNH pyrophosphatase activity was also tested in the same way as the 
DPNH activity, but lactic dehydrogenase and sodium pyruvate were used 
in place of the alcohol dehydrogenase system to measure TPNH disappear- 
ance. 

An additional method for following pyrophosphatase activity involved 
the use of a phosphomonoesterase. The release of two mononucleotides 
from DPNH by the pyrophosphatase results in the appearance of two 


TABLE | 
Assay of DPNH Pyrophosphatase by Yeast Alcohol Dehydrogenase 


Before dehydrogenase addition | After dehydrogenase addition 
min 
0 0.580 0.001 
25 0.578 0.048 
50 0.618 0.102 
0.599 0.138 
205 0.585 0.311 


The reaction consisted of 4.4 10°43 DPNH, 0.01 MgCl., 0.1 Tris, pH 7.5. 
2 per cent NaCl, monoesterase, and pigeon liver pyrophosphatase (acetate eluate). 
Aliquots of 0.06 ml. were removed at zero and subsequent times and added to a 
cuvette containing 2.8 ml. of 0.1 Mm phosphate, pH 7.5. Absorption at 340 my was 
noted (before addition of dehydrogenase), and 0.1 ml. of 0.5 M acetaldehyde and 0.02 
ml. of aleohol dehydrogenase were then added. Complete oxidation occurred in 
1 to 2 minutes, and the absorption at 340 my was again noted (after addition of 
dehydrogenase). 


monoester phosphate groups; the presence of an excess of monoesterase 
would then result in the release of 2 inorganic phosphate molecules for each 
molecule of DPNH split. The reaction sequence would be as follows: 


DPNH — 5’-AMP + reduced nicotinamide mononucleotide (da ) 
— adenosine + P (Sb) 


Reduced nicotinamide mononucleotide > reduced nicotinamide riboside + P (Se) 


Net, DPNH — 2P + adenosine + reduced nicotinamide riboside 


An excess of prostatic phosphatase was used in the pyrophosphatase 
incubation mixture; this monoesterase has an optimum at pH 5.5, but it 
Was sufficiently active at pH 7.5. The extent of pyrophosphatase activity 
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in this monoesterase preparation was very slight and frequently unde- 
tectable. 


Results 


Ynzyme Purificattion—Extraction of the soluble constituents of pigeon 
liver acetone powder was accomplished by grinding 5 gm. of the powder 
with 70 ml. of 0.02 mM sodium bicarbonate. Undissolved particles were 
removed in the Servall angle head centrifuge and discarded. The solution 
was then brought to pH 6 with 0.5 n HCl and warmed to 63--65° in a water 
bath at 80°. With this acidification an easily sedimentable, curd-like pre- 
cipitate was formed, which was discarded after centrifugation. 

Precipitation of the pyrophosphatase could be accomplished by the 
addition of protamine sulfate (0.2 per cent in 0.04 mM Tris, pH 7.5) by using 
a ratio of protamine solution to heated supernatant fluid of 1.5:1.0. | Essen- 
tially all the activity was removed from solution by this protamine treat- 
ment; if much activity was detected in the supernatant fluid, more prota- 
mine solution was added. An active protein was eluted from the protamine 
precipitate with 0.2 M acetate, pH 4.8. Two elutions, totaling one-fifth 
the volume of the original extract, were usually sufficient to give maximal 
recovery of the enzyme. 

Addition of alumina Cy to the combined acetate eluates removed ail 
activity from solution when the proportion of alumina Cy (15 mg. per 
ml.) to acetate eluate was one-half. The enzyme was eluted with a 5 per 
cent solution of ammonium sulfate at pH 8.5. Most of the activity was 
usually recovered by three elutions of a combined volume equal to one- 
fourth the volume of the original extract. These eluates were combined 
and saturated with solid ammonium sulfate. The precipitate was dissolved 
in 0.1 mM Tris-0.01 m MgCl, pH 7.5, or in Tris alone. This fraction will 
be referred to as the purified enzyme. A summary of a purification pro- 
cedure is presented in Table ITI.’ 7 

Stability of Enzyme—Storage of the purified enzyme for 5 days at —20° 
resulted in about 30 to 50 per cent loss of activity, although the enzyme was 
stable in storage prior to the protamine step. Storing at 4° was no less 
detrimental to the purified enzyme; storage in water rather than in Tris- 
Meg buffer also led to relatively rapid destruction of theenzyme. The pres- 
ence of glutathione or cysteine did not prevent loss of activity. 

Demonstration of Pyrophosphatase Activity—The action of the pigeon 


’ Since this work was completed, it was found that the DPNH pyrophosphatase 
vecurred, exclusive of activity on DPN, in the soluble fraction of pigeon liver (super- 
natant fluid from centrifugation at 105,000 K g). The specific activity was about 280; 
thus this fraction would probably be preferable to the acetone powder as starting 
material for purification of the enzyme (9). 
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liver enzyme was shown to be that of a nucleotide pyrophosphatase in the 
following manner: If DPNH is hydrolyzed at the pyrophosphate linkage, 
then a mole each of 5’-AMP and reduced nicotinamide mononucleotide 


TABLE I] 
Purification of DPNH Pyrophosphatase 


Fraction Volume Recovery 

Bicarbonate 53 92,400 100 
Supernatant liquid treated at 65° .......... 43 83 44,900 49 
Acetate eluates, combined. 720 21,340 23 
Ammonium eluates, 17 1485 11,520 12 


For definition of units see the text. 


PHOSPHATASE ADDED po, 
PHOSPHATASE NOT 
ADDED 


6.0 


MOLES SPLIT OR PRODUCED 


60 120 180 240 300360 420 
TIME (MIN.) 


Fic. 1. Demonstration of pigeon liver enzyme as a pyrophosphatase. ‘The reac- 
tion tube contained 4.7 X 10-3 m DPNH, 0.01 m MgClo, 0.1 m Tris, pH 7.5, acetate 
eluate, monoesterase as indicated, and 2 per cent NaCl to prevent the enzyme from 
precipitating with the protamine present in the eluate. DPNH disappearance was 
followed by the alcohol dehydrogenase assay. The amount of phosphate produced 
was determined in aliquots of the supernatant fluid after trichloroacetic acid pre- 
cipitation. 


should be produced. The presence of a monoesterase would result in the 
release of 2 moles of phosphate for each mole of DPNH split. In Fig. 1 
it may be seen that, in the presence of the prostatic phosphatase, 2 moles 
of phosphate were produced for each mole of DPNH split. The presence 
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of some monoesterase activity in the pyrophosphatase preparation was in- 
dicated by the release of inorganic phosphate in the absence of added 
monoesterase. 

The appearance of 5’-AMP during DPNH splitting was also followed 
with the specific 5’-AMP deaminase. It was found that 1.8 uwmoles of 
5’-AMP were produced when 1.95 wmoles of DPNH had been split by the 
heated supernatant fraction. 


TABLE III 


Relative Activity of Pigeon Liver Pyrophosphatase on Various Substrates 


Substrate Activity Substrate Activity 

| per cent per cent 
DPNH (enzymatic) 100 a isomer of DPNH 28 
4 23 
3-Acetylpyridine analogue of 216 DPN 0 

DPNH 
Adenosine diphosphate ribose 195 TPN 0 
TPNH 99  Deamino-DPN 0 
Diadenosine 5’-pyrophosphate 62 yl pyridine analogue of 0 
DPN | 

KAD 50 ADP 0) 
Deamino-DPNH 45 ATP | 


DPNH, deamino-DPNH, and 3-acetylpyridine analogue of DPNHI were assayed 
by alcohol dehydrogenase; TPNH was assayed by lactic dehydrogenase. The re- 
maining compounds were assayed by measuring the phosphate produced by the 
action of monoesterase on the mononucleotides produced by the pyrophosphatase. 
All values were calculated from the amount split in 60 minutes. In the alcohol and 
lactic dehydrogenase assays the reaction ingredients were 0.1 M Tris, pH 8.5, 0.01 
MgCl., heated supernatant fluid, and 1.5 &K 10° M substrate. In the phosphate 
assays the reaction contained 0.1 M Tris, pH 7.5, 0.01 wm MgCl., monoesterase, puri- 
fied pyrophosphatase, and 1.0 KX 10-4 M substrate, except for FAD which was 0.54 X 
10°3M. DPNH at 1 and 0.54 & 1073 M was split at the same rate. All reduced di- 
nucleotides were prepared with hydrosulfite, except the DPNH (enzymatic) which 
was prepared with veast alcohol dehydrogenase and ethanol. 


Specificily—A variety of compounds was readily split by the pigeon liver 
enzyme, as shown in Table LI]. TPNH was fully active in the system, 
but deamino-DPNH was split at a considerably reduced rate. Alteration 
of the nicotinamide moiety of the DPNH also affected activity; a substrate 
more reactive than DPNH was obtained by replacing the amide NH. with 
CH, (the 3-acetylpyridine analogue of reduced DPN) or by completely 
removing the nicotinamide ring (adenosine diphosphate ribose). Further 
variation of the DPNH structure, e.g. diadenosine 5’-pyrophosphate and 
FAD, resulted in diminished but still significant activitv. In contrast to 
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the potato nucleotide pyrophosphatase (7) the pigeon liver enzyme did not 
split ADP or ATP. The oxidized forms of the pyridine nucleotides, except 
for the a@ isomer of DPN, were not split. 

Metal Requirement—The purified pyrophosphatase had a nearly absolute 
requirement for metal ions. With 1 X 10-3 mM DPNH as substrate, stimu- 
lation was maximal with 6 X 107° mM MgCl.; the rate was | per cent of max- 
imal in the absence of magnesium ion. 

Substrate Saturation—Substrate saturation was determined using 
DPNH and the purified enzyme. The X,, was found to be approximately 
1.0 X& Mo. 

pH Optimum—The pH optimum was rather broad and found to be be- 


TasBLe IV 
Inhibition of Pyrophosphatase Action on DPNH 


! 


Inhibitor Inhibitor concentration Inhibition 

MX per cenl 
Adenosine diphosphate ribose. 0.5 47 
Sodium pyrophosphate. 25 66 


The reaction mixture contained 0.1 mM Tris, pH 7.5, 0.01 m MgCl., 1.6>2 K 10-3 uM 
DPNH, and purified pigeon liver enzyme. DPNH splitting was followed by the 
yeast alcohol dehydrogenase assay. 


tween pH 8.0 and 8.5. At pH 7.5 about 65 to 75 per cent of the optimal 
activity was obtained; many of the experiments involved the use of the 
prostatic phosphatase which was active at pH 7.5 but inactive at pH 8.5. 

Inhibitors—Table IV shows that 5’-AMP is a potent inhibitor of DPNH 
splitting and that ADP and ATP also inhibit strongly despite the fact that 
they are not split by the enzyme. The splitting of DPNH is not inhibited 
by the corresponding inosinic nucleotides although deamino-DPNH_ is 
attacked by the enzyme. DPN, at concentrations equivalent to DPNH, 
inhibits only slightly. Sodium fluoride and pyrophosphate are strong 
inhibitors, but only at concentrations greater than those at which the 
adenine nucleotides were effective; sodium phosphate did not inhibit. 
The inhibition by adenosine diphosphate ribose is quite likely due to com- 
petition with DPNH as a substrate for the hydrolvsis reaction. Adenosine 
failed to inhibit, indicating that the stimulatory effect of the prostatic 
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monoesterase, previously noted, was due to the conversion of 5’-AMP to 
adenosine. In this connection, it was found that the addition of pros- 
tatic enzyme would overcome the inhibition of added 5’-AMP. 

Number of DPNH Pyrophosphatases—In later experiments (9), it was 
shown that a microsomal pyrophosphatase was present in pigeon liver that 
split both DPNH and DPN; in the same studies, the DPNH-specific 
pyrophosphatase was found in the soluble fraction. An attempt to detect 
a second pyrophosphatase in the enzyme extracted from the acetone powder 
is given in Table V. The pyrophosphatase activity present in three frac- 
tions, obtained during the purification procedure, was measured against 
three different substrates. The rate of splitting of adenosine diphosphate 
ribose and the 3-acetylpyridine analogue of reduced DPN remained essen- 
tially the same relative to each other and to DPNH. Although these prep- 


TABLE V 
Comparison of Activity of Three Enzyme Fractions 


| Bicarbonate | Heated super- Purified 


Substrate extract natant fluid enzyme 
Adenosine diphosphate ribose. ............. | 1.35 | 1.08 0.94 
3-Acetylpyridine analogue of DPNH........ 1.46 1.20 0.92 


Activity expressed as micromoles of phosphate released per ml. per 30 minutes. 
The reaction mixture contained 0.1 M Tris, pH 7.5, 0.01 m MgCl., and monoesterase. 
DPNH was 8 X 10-4 M, adenosine diphosphate ribose was 1.0 X 1073 M, 3-acetylpyri- 
dine analogue of DPNH was 1.0 X 107-* mM, and DPN was 1.0 X 1073 M. 


arations had similar specificities for the three substrates listed, the crudest 
fraction was able to split oxidized DPN while the purified fraction was not. 
This suggested the possibility that two pyrophosphatases were present in 
the crude fraction. This possibility has been substantiated in experiments 
on cellular fractionation of pigeon liver (9). 

Effect of Purified Pyrophosphatase on Alcohol Dehydrogenase Equilibrium 
——The physiological role of the DPNH pyrophosphatase is not clear, but 
one possible function could be the displacement of an equilibrium in a reac- 
tion in which DPN was being reduced. The feasibility of this idea was 
tested with yeast alcohol dehydrogenase to catalyze the reduction of DPN 
when a limiting amount of ethanol was present; approximately one-third 
of the DPN was reduced at equilibrium before the splitting enzyme was 
added. As seen in Fig. 2, the absorption continued to increase in the 
cuvette containing the pigeon liver enzyme. The amount of DPNH con- 
verted to reduced nicotinamide mononucleotide was demonstrated by add- 
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ing acetaldehyde at the end of the reaction. It is evident from the curves 


0 
. in Fig. 2 that the DPNH produced in the oxidation reaction was split, and, 
as a result, oxidation of ethanol was continued beyond the equilibrium 
m point of the reaction catalyzed by the alcohol dehydrogenase. 
t 
"ADH SPLITTING ENZYME CH3CHO 
t 
r 
t 


he 


L 
lio 20 30 40 50 60 7075 
TIME (MIN.) 

Fic. 2. kffeet of purified pyrophosphatase on an oxidation-reduction reaction. 
The complete reaction mixture consisted of 0.12 K 10°? mM DPN, 0.01 ml. of 10 per cent 
ethanol, alcohol dehydrogenase, 0.1 mM Tris, pH 7.5, 0.01 m MgCl2, purified pigeon 
liverenzyme. Total volume 3.0 ml. Incubation at 37° was in the test tube. Solu- 
tion transferred to cuvette for optical density determination. @, complete system; 
O, no purified pigeon liver pyrophosphatase; A, no aleohol dehydrogenase, no puri- 
fied pyrophosphatase. 


DISCUSSION 


Pyrophosphatase action on DPN and DPNH has been studied previously 
with a purified potato enzyme and a kidney particle preparation. I<orn- 
berg and Pricer (7) reported that the former enzyme will split DPN about 
twice as fast as DPNH; Kornberg and Lindberg (8) found that the kidney 
preparation split DPNH more than twice as fast as DPN. The purified 
pyrophosphatase from pigeon liver does not cleave DPN but will split 
DPNH. In contrast to the potato enzyme, the pigeon enzyme did not 
split ADP or ATP. From studies reported elsewhere (9) and work re- 
ported by Epperson (24), it seems that most pyrophosphatases from higher 
animals split DPNH faster than DPN. 

The mechanism of pyrophosphatase action is of interest, in the case of 
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the pigeon liver enzyme, since this enzyme is able to split DPNH, adenosine 
diphosphate ribose, FAD, diadenosine 5’-pyrophosphate, and a number of 
analogues of DPNH, but is not able to split DPN or the oxidized analogues 
of DPN. Several explanations may be proposed to explain the specificity 
of the pigeon liver pyrophosphatase. The positive charge on the oxidized 
pyridine ring of DPN may interact with negative charges on the molecule 
and thereby cause the DPN molecule to be in a configuration unfavorable 
for enzymatic attack. On the other hand, other forces may play a major 
role in determining the susceptibility of the dinucleotide to attack. For 
example, molecular models‘ of oxidized DPN and of nicotinamide mono- 
nucleotide suggest that a hydrogen bond may be present between the amide 
group and a phosphate moiety of the molecule. The hydrogen bond is lost 
upon reduction of the DPN because the nicotinamide ring’s spatial position 
changes when the resonating, planar ring is converted to a non-resonating, 
chair- or boat-shaped ring. The @ isomer of DPN contains a positively 
charged ring and an a-glycosidic link between nicotinamide and ribose 
rather than the normal @ bond; this compound is split by the pigeon liver 
enzyme. In contrast to B-DPN, models of a-DPN indicate no hydrogen 
binding between the amide group and the pyrophosphate grouping. ‘This 
finding suggests that hydrogen binding is a factor in the inability of the 
enzyme to cleave B-DPN. The two explanations are not mutually ex- 
clusive, and both may apply. Since ADP is not split and adenosine di- 
phosphate ribose is readily attacked, the ribose group must play an indis- 
pensable role which is not readily understood at the present time. 

The ability of the pigeon liver DPNH pyrophosphatase to split DPNII 
as it is produced in the ethanol oxidation is suggestive of an intracellular 
regulatory role of the enzyme in that it could displace the equilibrium of 
reactions that would normally proceed only slightly. 

Another role this enzyme could play is in conjunction with the enzyme, 
DPNase. The latter enzyme hydrolyzes DPN at the nicotinamide ribose 
bond so as to produce nicotinamide and adenosine diphosphate ribose. 
No metabolic role is known for adenosine diphosphate ribose. ‘The specific 
pyrophosphatase, being able to distinguish adenosine diphosphate ribose 
from DPN, could hydrolyze the adenosine diphosphate ribose produced 
by DPNase. The adenylic acid and ribose 5-phosphate produced would 
then be able to participate in metabolic reactions. 


SUMMARY 


1. A pyrophosphatase has been purified from pigeon liver acetone powder 
that is able to cleave reduced diphosphopyridine nucleotide (DPN) into 


‘The Pauling-Corey molecular models were used to portray these structures 
(N. O. Kaplan and L. Grossman, to be published). 
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reduced nicotinamide mononucleotide and 5’-adenylic acid. Oxidized 
DPN is not attacked. The properties of this purified enzyme are reported. 

2. The specificity of the enzyme is such that it hydrolyzes flavin adenine 
dinucleotide, adenosine diphosphate ribose, and several analogues of 
DPNH, as well as DPNH. Adenosine di- and triphosphates, oxidized 
analogues of DPN (with the exception of the a isomer), and DPN are not 
split. 

3. A potent inhibitor of the enzyme is 5’-adenylic acid. Reduced nico- 
tinamide mononucleotide is not inhibitory. 

4. The possible metabolic significance of the pigeon liver nucleotide 
pyrophosphatase is discussed. 
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ENZYMATIC DEGRADATION OF 6-KETOADIPIC ACID* 


By MASAYUKI KATAGIRIT anp OSAMU HAYAISHI 


(From the National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, United States Public Health Service, 
Bethesda, Maryland) 


(Received for publication, October 15, 1956) 


It has been established by a number of investigators that many aromatic 
compounds, such as phenol (2), mandelic acid (3), benzoic acid (4), trypto- 
phan (5), p-hydroxybenzoic acid (6), and their metabolites, are adaptively 
oxidized by certain aerobic microorganisms with the formation of B-keto- 
adipic acid (7, 8). Although many of these pathways have been demon- 
strated at an enzymatic level, all previous attempts to obtain cell-free 
enzyme systems which can metabolize @-ketoadipic acid have been uni- 
formly unsuccessful. The only evidence for the further degradation of 
8-ketoadipic acid was provided by an observation made by Kilby (2) that 
8-ketoadipic acid was degraded to succinic acid after 27 hours of incubation 
with a resting cell suspension of a Vibrio species. 

The present report deals with the further degradation of B-ketoadipic 
acid by a soluble enzyme system prepared from tryptophan-adapted cells of 
Pseudomonas fluorescens. The available evidence which is presented in 
this paper indicates the following sequence of reactions as a_ plausible 
mechanism. ! 


(1) KAA + succinyl CoA = KAA-CoA + succinic acid 
(2) KAA-CoA + CoA = succinyl CoA + acetyl CoA 
(3) Sum, KAA + CoA = succinic acid + acetyl CoA 


In the primary reaction, KAA-CoA was formed from KAA and succiny]! 
CoA by a thiophorase type reaction (Reaction 1). Then KAA-CoA was 
cleaved by a thiolase to succinyl CoA and acetyl CoA (Reaction 2) in the 
presence of CoA. Succinyl CoA thus produced in Reaction 2 could be 
utilized again as a CoA donor in Reaction 1. The over-all reaction was 
therefore a cleavage of KAA to succinic acid and acetyl CoA in the pres- 
ence of a substrate amount of CoA and a catalytic quantity of succinyl CoA. 


* A preliminary report of this work was presented (1). 

t Present address, Department of Chemistry, Nagoya University, Nagoya, Japan. 

1The following abbreviations are used: KAA, 8-ketoadipic acid; KAA-CoA, 
8-ketoadipyl coenzyme A; CoA, coenzyme A; succinyl CoA, succinyl coenzyme A; 
acetyl CoA, acetyl coenzyme A; acetoacetyl CoA, acetoacetyl coenzyme A; GSH, 
reduced glutathione; ATP, adenosine triphosphate; and Tris, tris(hyvdroxymethyl)- 
aminomethane. 


439 


440 B-KETOADIPIC ACID 


Materials and Methods 


Chemicals—IKAA was prepared as described by Eisner ct al. (9) from 
ethyl 6-carboxypropionyl chloride and recrystallized twice from ethy] 
acetate by adding petroleum ether (2). The white crystals obtained melted 
at 121° (decomposition) as reported by Kilby (2); analysis, found, C 45.03, 
H 5.29; calculated, C 45.00, H 5.03. 

CoA was obtained from the Sigma Chemical Company. Protamine 
sulfate was obtained from Eli Lilly and Company. Succiny] CoA? was 
prepared according to the method of Simon and Shemin (10) as modified 
by Kaufman ef al. (11). Acetyl] CoA was prepared by the method of 
Simon and Shemin (10). Acetoacetate was prepared from the ethyl] ester 
by the method of Seeley (12). We are indebted to Dr. Thressa Stadtman 
for carboxyl-labeled C'-succinic acid. £8-Ketoglutaric acid oxal- 
succinic acid were obtained from the California Foundation for Biochemi- 
cal Research. 

Biological Materials—-P. fluorescens, strain 23 (ATCC 11250) (5), was 
allowed to grow for approximately 18 hours at 25° with vigorous aeration 
in a 20 liter glass carboy containing 13 liters of the following medium: 
0.1 per cent L-tryptophan, 0.15 per cent KeHPO,, 0.05 per cent KH2PO,, 
0.02 per cent MgSO,-7H.2O, and 0.1 per cent Difco veast extract in tap 
water. 

Crude cell-free extracts were prepared from a suspension of well washed 
cells (5 gm. of wet cells in 50 ml. of 0.02 M potassium phosphate buffer, pH 
7.5) by sonic oscillation with a 10 ke. Raytheon sonic oscillator (model 
DF-101) for 5 minutes under cooling by ice water. The cell debris was 
removed by centrifugation at 25,000  g for 30 minutes. 

p-Nitroaniline-acetylating enzyme (13) was extracted from pigeon liver 
acetone powder with water followed by fractionation with cold acetone 
and dialysis for 16 hours against 0.02 mM potassium phosphate buffer at pH 
7.0. 

Determinations —WKAA was estimated manometrically by catalytic de- 
carboxylation with aniline citrate (14). The amounts of acetyl] CoA and 
succinyl CoA were determined by the method of Lipmann and Tuttle (15). 
Acetyl CoA was also measured by coupling with p-nitroaniline-acetvlating 
enzyme according to Tabor, Mehler, and Stadtman (13). Suceinie acid 
was determined by the procedure of Krebs (16) with pigeon breast muscle 
succinoxidase system after extraction with ether from the acidified reaction 
mixture. Protein was determined by the method of Warburg and Chris- 


2 We are indebted to Dr. Seymour Kaufman for a sample of succinyl CoA which 
was used in the early experiments. Microanalyvses were carried out under the super- 
vision of Dr. W. C. Alford. 
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tian (17). All radioactivity determinations were made with a windowless 
flow counter. 3 

Succinyl-acetoacetyl-CoA transferase (18) was extracted from pig heart, 
fractionated with cold acetone, and dialyzed against 0.02 mM potassium 
phosphate buffer at pH 7.0 for 16 hours. 

Assay of Thiophorase—The rate of appearance of KAA-CoA can be fol- 
lowed spectrophotometrically at 305 my in the presence of Mg ion at 25° 
in a Beckman model DU spectrophotometer with quartz cells having a 1 
em. light path (see below). The assay system contained the following 
components: 200 umoles of potassium salt of KAA, 0.08 umole of succiny! 
CoA, 100 umoles of Tris-HCl buffer, pH 8.0, 10 umoles of MgCle, and en- 
zyme in a final volume of 1.0 ml. The reaction was started by the addition 
of enzyme. The increase of absorption should not exceed 0.01 optical 
density per minute under these conditions because of the limiting amount 
of succinyl CoA used as a substrate. The unit was defined as the amount 
of enzyme which causes the appearance of absorption at 305 muy at a rate 
of 0.01 optical density per minute within 3 minutes under the specified 
conditions. The initial rate of increase in optical density was proportional 
to enzyme concentration under these conditions. 


Results 


Stoichiometry of Over-All Reacttion—When crude extracts were incubated 
with KAA in the presence of CoA and a catalytic amount of succinyl CoA, 
rapid disappearance of KAA was observed. This was accompanied by the 
appearance of an almost equal quantity of a hydroxamic acid and succinic 
acid as shown in Table I. When either succinyl CoA or CoA was omitted 
from the reaction mixture, KAA was not metabolized at an appreciable rate. 
The hydroxamate was tentatively identified as acetohydroxamate by paper 
chromatography with water-saturated butanol as a solvent (19) (Re 0.58). 
Further evidence for the identity of acetyl] CoA was provided by the pigeon 
liver-acetylating enzyme with p-nitroaniline as an acetyl acceptor (Fig. 1). 
Since CoA was generated by the acetvlating reaction, only a catalytic 
amount of CoA and succinyl CoA was required for extensive utilization of 
the substrate. CoA alone was almost ineffective. When ATP and CoA 
were added together, a somewhat slower reaction was observed. This 
could presumably be due to the presence of a small amount of succinate 
and succinate-activating enzyme in the enzyme solution or to a mechanism 
by which KAA is directly activated by ATP and CoA. Extracts prepared 
from glucose-grown cells were completely inactive in this system. 

Speetrophotometric Experiments— When a relatively large amount of KAA 
Was incubated with succinyl CoA, Tris-HCI] buffer at pH 8.1, and crude 
extracts in the presence of MgCl, a rapid increase of absorption at 305 my 
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was observed (Fig. 2). The increase in absorption is presumed to be due 
to the formation of KAA-CoA. The formation of such a compound is 


TABLE 
Stoichiometry of KAA Degradation 
0 min. 40 min. A 
Hydroxamate (as acetyl CoA)............. 0.4 6.1 5.7 
KAA (without succinyl CoA or CoA)...... 20.0 20.0 0.0 


The complete reaction mixture contained initially KAA, 20 wmoles; CoA, 12 
pmoles; succinyl CoA, 0.5 ymole; GSH, 36 wmoles; Tris-HCl buffer at pH 7.5, 180 
pmoles; MgClo, 18 wmoles; and crude extracts (1.4 mg. of protein). The final volume 
was3ml. The incubation was carried out at 30° for 40 minutes. The numbers are 
expressed in micromoles. 
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MINUTES 

Fic. 1. The rate of acetyl CoA formation as measured with p-nitroaniline-acety- 
lating enzyme. Tris-HCl] buffer at pH 7.5, 20 uwmoles; MgCle, 2 wmoles; GSH, 2 
umoles; p-nitroaniline, 0.1 zmole; KAA, 20 umoles; crude extract, 0.1 ml.; and acety- 
lating enzyme, 0.1 ml.; O succinyl CoA, 0.1 umole; @ succinyl! CoA, 0.05 umole; A 
ATP, 0.1 umole, and CoA, 0.1 umole; A ATP, 0.05 umole, and CoA, 0.1 umole; O CoA, 
0.1 umole; and @ succinyl CoA, 0.1 wmole without KAA made up with water to a 
final volume of 1.0 ml. Temperature, 25°. Since the preparation of succinyl CoA 
used in this experiment contained a trace amount of free CoA, the addition of a 
catalytic amount of succinyl CoA provided enough CoA for the reaction to proceed 
rapidly. 


analogous to that of acetoacetyl CoA by a pig heart enzyme described by 
Stern ef al. (18). This absorption band disappeared when succinate was 
added to reverse the reaction or when CoA was added to cleave KAA-CoA 
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to succinyl CoA and acetyl CoA. In order to establish the identity of the 
compound which absorbs at 305 my and to separate the thiophorase reac- 
tion from the thiolase reaction, purification of the thiophorase was under- 
taken by using the assay method described above. 

Purification of Thiophorase—All steps were carried out at 0-3° unless 
otherwise specified. To each 500 ml. of crude extract were added 115 gm. 
of powdered ammonium sulfate. After the precipitate was discarded, 80 
gm. of ammonium sulfate were added to the supernatant fluid. The re- 
sulting precipitate, collected by centrifugation, was dissolved in 50 ml. of 
(0.02 M potassium phosphate buffer at pH 7.5 and dialyzed against 2 liters 
of 0.005 m phosphate buffer for 5 hours (Fraction I). The pH of Fraction 
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Fig. 2. The spectrophotometric analysis of the thiophorase and thiolase reactions. 
Each sample contained succinyl] CoA, 0.5 pmole; potassium salt of KAA, 200 umoles; 
Tris-HCl buffer at pH 8.1, 100 umoles; MgCl., 10 wmoles; and crude extract, 0.01 ml. 
After 10 minutes (4) 20 umoles of potassium succinate and (B) 0.5 umole of CoA were 
added. 


I was adjusted to 5.5 with 1 N acetic acid, and 7.0 ml. of 2.5 per cent prota- 
mine sulfate at pH 5.5 were added to each 50 ml. of the enzyme solution. 
After centrifugation, the supernatant solution was neutralized with 1 
K»2CO;3 to pH 7.5 (Fraction 11), then heated for 10 minutes with stirring in 
a water bath kept at 60°, cooled, and centrifuged. The precipitate was 
discarded. Thiolase was completely inactivated by the heating procedure. 
To each 50 ml. of the supernatant fluid (Fraction IIT) were added 12 gm. of 
ammonium sulfate. The precipitate thus formed was removed by cen- 
trifugation and discarded. To the supernatant solution were added 8 gm. 
of ammonium sulfate. The resultant precipitate was suspended in 5 ml. 
of 0.02 m phosphate buffer, pH 7.5, and dialyzed against the same buffer 
for 18 hours (Fraction IV). Approximately a 30-fold purification was 
achieved with an over-all yield of about 40 per cent (Table II). This 
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preparation was completely free of the thiolase as measured by the disap- 
pearance of absorption at 305 my with CoA after the thiophorase reaction. 

Specificity and Properties of Thiophorase—Under standard assay condi- 
tions, an increased absorption at 305 my was not observed when KAA was 
replaced with either acetoacetate or oxalsuccinate. However, the addi- 
tion of 8-ketoglutarate yielded a slow increase in absorption at 305 mu 
(Fig. 3). When oxalacetate was tested in this system, the absorption at 
305 mu decreased rapidly in the absence of succinyl CoA. However, in 
the presence of succinyl CoA, there was a rapid rise of absorption followed 
by a gradual decrease, thereby indicating the transient formation of a com- 
pound absorbing at 305 my (Fig. 3). 


TABLE Il 
Purification of Thiophorase 
40 liters of culture (68 gm. of wet cells). 


Step Volume | Units Protein Yield 
| ml. | | mg. ae | per cent 
Crude extract.............. 600 408,000 7620 54 100 
Ist ammonium sulfate (40- ) 

70% saturation)... 235 340,000 3290) 103 83 
Protamine...... 2710 124 S2 
Heated (60°)... 250 325,000 433 SO 
2nd ammonium sulfate (45- . 

70% saturation)... | 25 156, O00 112 1390 38 


Acetyl CoA did not replace succinyl CoA as a CoA donor at any measur- 
able rate. 

When succinate was replaced by malonate, fumarate, oxalate, or acetate 
in the reverse reaction, the absorption at 305 my did not disappear to any 
measurable extent. 

The enzyme is relatively stable at neutral pH and can be kept at — 10 
at least for 3 months without loss of activitv. At neutral pH heating at 
80° for 5 minutes completely inactivated the enzyme, but heating at 60° 
for 10 minutes did not destroy any activity. 

Mnzymatic Preparation of B-Ketoadipyl CoA ‘Vhe partially purified thio- 
phorase (0.2 ml. of Fraction IV) was incubated with 750 uwmoles of KAA, 
15 wmoles of succinyl] CoA, 50 umoles of MgCl., and 500 wmoles of Tris- 
HCl buffer at pH 8.1 in a total volume of 5ml. The reaction was followed 
by increase of absorption at 305 my and the disappearance of succinyl CoA 
as measured by hydroxamate formation. After incubation for 10 minutes, 
the total increase of optical density at 305 my was 11.5, and disappearance 
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of succinyl CoA was 2.5 wmoles, which was corrected for slow decomposi- 
tion of succiny! CoA in the control experiment without KAA. 

The reaction was stopped by the addition of 0.5 ml. of 20 per cent tri- 
chloroacetic acid, and the resulting precipitate was removed. The super- 
natant fluid was processed by the method of Beinert (20) for acyl CoA 
derivatives, except that ethyl acetate instead of ether was employed for 
extraction of organic acids. An amount of material equivalent to an opti- 
cal density of 5.8 units was incubated with 0.05 mil. of partially purified 
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Fig. 3. Specificity of the thiophorase reaction. Succinyl CoA, 0.5 wmole; Tris- 
HCl buffer at pH 8.1, 100 wmoles; and MgCl., 10 wzmoles, were present in a total volume 
of 1.0ml. A potassium salt of KAA, 100 uwmoles, and Fraction LV, 0.02 ml.; A potas- 
sium salt of KAA, 100 wmoles, and Fraction IV, 0.001 ml.; @ potassium salt of oxal- 
acetate, 100 wmoles, and Fraction IV, 0.02 ml.; O oxalacetate, 100 wmoles without 
Fraction IV; @ potassium salt of 6-ketoglutaric acid and Fraction IV, 0.02 ml.; 0 
potassium salt of acetoacetate, 100 wmoles, and Fraction IV, 0.04 ml. 


thiophorase (Fraction 1V) in the presence of 250 wmoles of succinate, 50 
umoles of Tris-HCl at pH 8.1, and 5 pmoles of MgCl. in a total volume of 
1.0 ml. After 2 minutes of incubation there was an optical density de- 
crease of 2.7 at 305 my concurrent with the formation of 0.40 umole of 
succiny] CoA. Assuming that KAA-CoA, like acetoacety] CoA (18), does 
not give the hydroxamate reaction, the molecular extinction coefficient of 
KAA-CoA can be calculated by above experiments as approximately 
6 10% in 0.01 mM MgCl. and 0.1 Tris-HCl! buffer at pH 8.1. 

The isolated material had a strong absorption at 305 my in the range 
above pH 8 in the presence of Mg ions. It is relatively stable in acid 
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medium, but extremely unstable at neutrality and under alkaline condi- 

tions. In 0.1 N KOH, the half life was measured as 40 minutes at 25°. 
Incorporation of C'-Labeled Succinic Acid into B-Ketoadipic Acid with 

Crude EKxtract—In order to demonstrate the reversibility of the thiolase 
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Fic. 4. Reversibility of the over-all reaction. (A), paper chromatogram of prod- 
ucts obtained from reaction mixtures containing KAA, 15 uwmoles; succinyl CoA, | 
umole; CoA, 6 umoles; GSH, 10 uwmoles; Tris-HCl] buffer at pH 7.5, 40 umoles; MgCl., 
4 pmoles; C!4-carboxyl-labeled succinate, 1 wmole containing 100,000 ¢.p.m. and 0.3 
ml. of Fraction I. Final volume made up with water to 4.0 ml. After 60 minutes 
ut 30°, the reaction mixtures were heated at 100° for 30 minutes to stop the reaction 
and to convert KAA to levulinic acid. The supernatant solution was cooled and 
lyophilized. The dry powder was dissolved in 1 ml. of 0.8 N HCl] and extracted three 
times with benzene. The combined extracts were dried and dissolved in 0.1 ml. of 
water, and 0.02 ml. aliquots of each experiment were chromatographed on paper 
with butanol-formate as a solvent system (21). The solid line represents the color 
intensity of levulinic acid as measured by the Spinco Analytrol after spraying 2 per 
cent nitroprusside in KOH and then exposing to acetic acid fumes. The dotted line 
shows the area of radioactivity of succinic acid as measured by labeled succinic acid 
on a separate paper strip. The bars represent the radioactivity distribution per 0.5 
cm. paper strip. (B), as in (A), except that 0.3 ml. of boiled (at 100° for 5 minutes) 
Fraction I and 0.07 ml. of partially purified thiophorase (Fraction IV) were used. 
Essentially similar results to those in (B) were obtained when succinyl CoA was 
omitted. 


reaction which “‘thiolytically” cleaves KAA-CoA to succinyl CoA and 
acetyl CoA, the complete reaction mixture was incubated in the presence 
of carboxyl-labeled potassium succinate. Since the thiophorase reaction 
was shown to be readily reversible (Fig. 2, A), succinyl CoA should become 
radioactive. If the thiolase reaction is also reversible, KAA-CoA and there- 
fore free KAA should be labeled. The results of such an experiment are 
shown in Fig. 4. The presence of radioactivity in the levulinic acid frac- 
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tion indicates that KAA and KAA-CoA became radioactive and that the 
thiolase reaction is readily reversible. When boiled enzyme was used 
instead of Fraction I or when succinyl] CoA was omitted, radioactivity was 
not detected in the levulinic acid. 


DISCUSSION 


IKXAA has been known as an important intermediate in the degradation of 
many aromatic substances by various microorganisms, and the mechanism 
of its biological formation has been studied in detail with cell-free enzyme 
systems from Pseudomonas (7) and from Neurospora (8). On the other 
hand, there has been some doubt as to whether or not KAA is a true inter- 
mediate in the microbial metabolism of aromatic compounds, because 
KAA has been completely inert in the cell-free enzyme preparation from 
Pseudomonas or Neurospora. Furthermore, the rate of oxidation of KAA 
by resting cells of Pseudomonas is much slower than the rate of oxidation of 
aromatic precursors of KAA by the same organism, although this has al- 


KAA 2 CoA Acetyl CoA 
Succinate KAA-CoA CoA 
Fria. 5. Proposed scheme of 8-ketoadipic acid metabolism 
ways been attributed to a presumed impermeable nature of KAA through 
the cell membrane. 

The evidence presented in this paper demonstrates the presence of an 
adaptive enzyme system, which is specific for KAA and catalyzes a cyclic 
reaction by which ICAA is funneled into the Krebs cycle (Fig. 5). Although 
a similar enzyme for acetoacetate was described from pig heart by Stern 
and coworkers (18), the latter enzyme did not show appreciable activity 
towards KAA. A slow but detectable enzymatic activity with oxalacetate 
was noteworthy, since this reaction would provide a mechanism by which 
oxalic acid, a common metabolite in plants and molds, could be produced 
from C,4-dicarboxylic acids. Identification of the products, however, was 


not carried out, since the rate of the reaction was too slow to obtain enough 
material for isolation. 


SUMMARY 


3-Ketoadipic acid is shown to be metabolized by an adaptive enzyme 
xvstem from a Pseudomonas species in the presence of coenzyme A (CoA) 
and succinyl coenzyme A (succinyl CoA). 
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In the primary reaction 6-ketoadipyl CoA was produced by a specific 
thiophorase with succinyl CoA as a CoA donor. By using a partially puri-- 
fied thiophorase preparation, 6-ketoadipyl CoA was isolated and partially — 
purified. In a second reaction, catalyzed by a thiolase, B-ketoadipyl CoA 
was cleaved in the presence of CoA, and succinyl CoA and acetyl! coen- 
zyme A (acetyl CoA) were produced. Both the thiophorase and thiolase 
reactions were shown to be reversible. 

Succinyl CoA formed by the thiolase reaction is utilized again as a CoA 
donor in the thiophorase reaction. The over-all reaction is therefore be- 
tween 6-ketoadipic acid and CoA, in the presence of a catalytic amount of 
succinyl! CoA, vielding stoichiometric amounts of acetyl CoA and succinic 


acid. 
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THE SYNTHESIS OF BILIRUBIN GLUCURONIDE 
BY TISSUE HOMOGENATES 


By GEROLD M. GRODSKY anp JOHN V. CARBONE 


(From the Department of Medicine and the Gastrointestinal Clinic, University of 
California School of Medicine, San Francisco, California) 


(Received for publication, November 12, 1956) 


For many years the van den Bergh reaction has been utilized for the 
differentiation and quantitative measurement of the two forms of bilirubin 
found in the blood. One form, ‘‘direct”’ bilirubin, reacts instantaneously 
with diazotized sulfanilic acid. The second pigment, bilirubin or so called 
“indirect” bilirubin, reacts with the diazo reagent after the addition of 
alcohol (1), caffeine urea (2), or caffeine sodium benzoate (3). Despite 
the wide clinical use of the test for the differential diagnosis of jaundice, 
the chemical difference between these two pigments has not yet been es- 
tablished. Direct bilirubin has been postulated to be a protein complex 
(1), a heavy metal complex (4, 5), or an ester (6, 7) of bilirubin. Some 
authors have believed that only one pigment exists, the differences in re- 
action in the van den Bergh test being caused by substances in the serum 
(8-10). An excellent critical review of these interpretations has been made 
by With (11). 

Recently, Billing and coworkers (12, 13) isolated and separated the two 
pigments on a kieselguhr column. The two compounds retained their 
specific diazo reactions despite the complete absence of all proteins. Simi- 
larly, Najjar and Childs (14) crystallized the two pigments and found 
that the protein-free crystals still possessed their original diazo reactions. 
Within the last few months Billing and Lathe (15) and Schmid (16) have 
isolated glucuronic acid after the hydrolysis of ‘‘direct”’ bilirubin azo pig- 
ment with alkali or @-glucuronidase. These authors concluded that 
“direct” bilirubin is the product of the conjugation of bilirubin with glu- 
curonic acid and is presumably formed in the liver. Dutton and Storey 
(17, 18) have studied the synthesis 7 vitro of glucuronides of various phenols 
in liver homogenates. We have investigated the conversion of bilirubin 
to “direct”’ bilirubin in a similar svstem in order to demonstrate that glucu- 
ronide conjugation is the primary mechanism involved in the synthesis of 
“direct”? bilirubin bv the liver. 


EXPERIMENTAL 


Preparation of Bilirubin Solution—A stock bilirubin solution was pre- 
pared by dissolving 10 mg. of bilirubin (Eastman 2101) in 100 ml. of chloro- 
449 
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form. Immediately before each experiment, a 10 ml. aliquot of this solu- 
tion was extracted by shaking with 5 ml. of 0.3 per cent bovine serum 
albumin made alkaline by the addition of 0.15 ml. of 2.5 per cent ammo- 
nium hydroxide. The water layer containing most of the pigment was 
siphoned off and the extraction repeated. The extracts were combined 
and the pH was adjusted to 7.4 with n hydrochloric acid. At this pH, the 
bilirubin is either soluble or held in colloidal suspension by the protein. 
(At pH values below 7.0 the bilirubin comes out of solution.) The solution 
was stored in the refrigerator until used. The final concentration of bili- 
rubin was approximately 40 y per ml. 

Preparation of Boiled Liver Extract—In general, the methods of Dutton 
and Storey (17) were adopted for the preparation of the crude extract. A 
male rat weighing 200 to 300 gm. was killed by a blow on the head. 3 gm. 
of liver tissue were quickly disrupted in a Potter-Elvehjem all-glass homog- 
enizer with 2.5 ml. of 0.5 per cent potassium chloride. The contents were 
poured into a large test tube containing 7.5 ml. of the potassium chloride | 
solution. The mixture was boiled for 10 minutes and the volume read- 
justed with water, cooled rapidly in ice, and centrifuged. The yield, 6 to 
8 ml. of a cloudy green supernatant fluid, was stored at 6° during prepara- 
tion of the homogenate. 

Preparation of Tissue Homogenate—A male rat weighing 150 to 200 gm. 
was killed as before. The liver was quickly removed and weighed. 1 gm. 
of tissue was ground in the Potter homogenizer with 10 ml. of ice-cold, 
alkaline, isotonic potassium chloride as the suspending medium (0.154 m 
potassium chloride containing 3.2 X 10-4 mM potassium bicarbonate (19)). 

Procedure for Synthesis of “Direct”? Bilirubin—Usually 1 ml. each of 
boiled liver extract, bilirubin, and homogenate was added in the cold to 
25 ml. conical flasks containing 0.3 ml. of 0.5 mM potassium phosphate 
(pH 7.4) and 0.1 ml. of 0.3 mM magnesium chloride. The final bilirubin 
concentration was 0.07 umole in a total volume of 3.4 ml. Incubation was 
carried out in a Warburg shaking bath in air at 37°. After 30 to 45 min- 
utes, the flasks were removed and quickly placed in an ice bath. The 
contents of the flasks were transferred to tubes and centrifuged in a Servall 
centrifuge for 5 minutes. 3 ml. of the supernatant fluid were diluted to 
10 ml. with water. The zero time control flasks were chilled in ice after 
the addition of all reactants, and the ‘‘direct”’ bilirubin was determined 
immediately. All determinations were carried out in duplicate only, since 
the variation was less than +5 per cent. 

Assay of “Direct”? Bilirubin—The ‘1 minute bilirubin” modification of 
the van den Bergh reaction (20) was used as a measure of conjugation of 
bilirubin to “direct” bilirubin. The 10 ml. sample obtained as described 
above was divided into two 5 ml. aliquots. To one was added 1 ml. of 
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diazo reagent (0.1 per cent sulfanilic acid in 0.18 N hydrochloric acid plus 
0.03 ml. of 0.5 per cent sodium nitrite); to the other, 1 ml. of blank solution 
(0.18 N hydrochloric acid). After 1 minute, the tubes were read at 535 
my in a Coleman junior spectrophotometer! which had been standardized 
against an Evelyn colorimeter (22) to obtain a ‘‘Coleman constant,” found 
to be 11.0. To determine ‘total’ bilirubin, 6 ml. of ethanol were added 
to each tube and the color was read after 30 minutes. The concentrations 
of each form of bilirubin were then calculated as follows: 


O.D. X 3.4 X 1000 
ll X 3.0 


y “direct” bilirubin = 


O. D. X 3.4 X& 1000 
5.5 X 3.0 


> “total” bilirubin = 


Preparation of Borneol Solution for Inhibition Studies—-Within 2 hours 
preceding use, 2.0 mg. of borneol (Eastman) were partially dissolved in 
10 ml. of water by rapid stirring in a Potter homogenizer. (Upon long 
standing, some borneol precipitates.) Various amounts of the suspension 
were made up to 0.2 ml. with water for addition to the incubation system. 

Chemical Analysis of Synthesized Product—The azo pigments obtained 
after treatment of the incubation products with diazotized sulfanilic acid 
were precipitated by 0.18 volume of saturated (NH4)2S8O4 and 5 volumes of 
absolute ethanol. The supernatant fluid was concentrated and the pigment 
extracted in a minimal volume of butanol. The butanol extract was 
streaked on Whatman 3 MM paper and chromatographed by the ascend- 
ing technique in a solvent system containing 75 parts methyl! ethyl ketone, 
25 parts n-propionic acid, and 30 parts water (16). After 30 minutes the 
paper was removed from the solvent, and the streak, corresponding in 
movement to a sample spot of azo “direct”’ bilirubin, was cut out while 
still damp (this procedure minimizes the rapid fading of the pigmented 
streak). The pigment was then extracted from the paper with acidic 
ethanol. After the extract was taken to dryness in vacuo, it was redissolved 
in 1 or 2 drops of water and added to an equal volume of 2.0 N HCl. Hy- 
drolysis was carried out for 1 hour at 100°. The hydrolysate was chroma- 
tographed by the ascending technique in 52 parts butanol, 13 parts acetic 
acid, and 35 parts water. Glucuronic acid spots were developed by spray- 
ing with 2.5 per cent aniline phthalate in ethanol and drying the paper in 
the oven at 100°. Sample spots of azo “indirect” bilirubin and glucuronic 
acid were simultaneously chromatographed for purposes of comparison. 
The glucuronic acid released by hydrolysis was assayed by the method of 


1'The spectrophotometer was periodically checked for consistency with a stable 
methyl red solution (21). 
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Dische (23), and the vield obtained was compared with the amount of azo 
pigment present. 


Results 


Rat liver homogenates were incubated for 30 minutes at 37°, and the 
extent of synthesis of “direct” bilirubin from bilirubin was determined. 
In Table I a series of these values is compared with those obtained in con- 
trol preparations. In all experiments there was a 4- to 5-fold increase in 
“direct” bilirubin over that observed in the controls. This increase repre- 


TABLE I 
Enzymatic Conjugation of Bilirubin lo “Direct”? Bilirubin 
100 mg. of liver were homogenized in 1 ml. of KCI (0.154 m)-KHCQOs; (3.2 & 1074 uM) 
and added to the following solution: 0.3 ml. of 0.5 mw KH.PO, (pH 7.4); 0.1 ml. of 
0.3m MgCl.; 1 ml. of extract; gas phase, air. 
| 


“Direct” bilirubin 


Experiment No. 


0 min. 30 min. 
| 

Homogenate and extract at 37° with | 1 1.8 7.9 
40 + bilirubin | 2 1.8 12.0 

3 3.2 14.7 

4 aa 7.6 

5 2.3 9.3 

KCI-KHCQOs and extract at 37° with 6 3.2 3.3 
40 y bilirubin 7 2.8 2.8 
Homogenate and extract at 0° with S 1.3 ‘3 

40 y bilirubin | 

Homogenate and extract at 37° with if) 0.0 0.0 


no bilirubin 


sented a total conversion of 15 to 30 per cent of the bilirubin initially added. 
When bilirubin was not added to the homogenate, no ‘‘direct”’ reaction 
was observed either before or after incubation. When the preparations 
were incubated at 0° or if the incubation was carried out in the absence of 
homogenate, conjugation tailed to occur, as demonstrated by the fact that 
the 30 minute values were unchanged from those of the controls. [tis 
significant, however, that an apparent ‘‘direct’’ bilirubin observed at O 
minute was still present in the absence of the homogenate. It was found 
that the mixing of the phosphate buffer used in the experiments with the 
bilirubin solution was responsible for this apparent “‘direct”’ bilirubin.” 


? The effect of buffers and some protein solutions on the van den Bergh reaction 
resulting in a false ‘‘direct’”’? reading will be reported elsewhere. 
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Dutton and Storey (17) found that a boiled liver extract was necessary 
for the stimulation of glucuronide synthesis in their homogenate system. 
The curve in Fig. 1 demonstrates the effect on “direct” bilirubin production 
obtained when increasing amounts of the crude extract were added to the 
homogenate system. After the addition of 1 ml. of extract, a 70 per cent 
increase in “direct”? pigment was obtained. The curve at this point had 
still not reached a maximum. 

Since B-glucuronidase hydrolyzes ester glucuronides (24), this enzyme 
would be expected to reduce the amount of ‘‘direct’’ bilirubin normally 
observed after the incubation period. Bilirubin therefore was incubated 
under standard conditions, and at the end of 60 minutes the gross proteins 
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Fic. 1. Effect of extract on synthesis of conjugated bilirubin. 100 mg. of liver 
were homogenized in 1 ml. of KCI] (0.154 m)-KHCO,; (3.2 X 1074 M) and added to the 
following solution: 0.3 ml. of 0.6 m KH.PO, (pH 7.4); 0.1 ml. of 0.3 m MgCl.; 40 5 
of bilirubin in 1 ml. of 0.3 per cent albumin; aliquots of extract were made up to 1 ml. 
with 0.5 per cent KC]; gas phase, air; temperature, 37°; time, 30 minutes. 


were removed by centrifugation, the pH was reduced to 5.2, B-glucuronidase 
or water was added, and the mixture was shaken at 37°. It can be seen 
(ig. 2) that, although there was no change in “direct”? bilirubin levels for 
2 hours when water alone had been added, the presence of B-glucuronidase 
caused more than a 50 per cent reduction during this same period. 
Borneol is conjugated and excreted almost exclusively as a glucuronide 
(25). If a glucuronide conjugation is actually occurring in the conver- 
sion of bilirubin to ‘‘direct”’ bilirubin, the addition of borneol to the system 
would be expected to inhibit the reaction. From the results shown in 
Fig. 3, increasing concentrations of borneol caused a proportional decrease 
in the amount of “direct”? pigment synthesized. A lack of parallelism of 
lines was observed in kinetic studies in which VS was plotted against S 
from values obtained in the presence or absence of inhibitor. Therefore, 
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part of the inhibition observed was non-competitive. The fraction of the 
inhibition caused by the competition of borneol at the glucuronide con- 
jugation sites as opposed to its general non-competitive action in this svs- 
tem was not determined. 

When the synthesized azo ‘‘direct”’ bilirubin was hydrolyzed and chro- 
matographed, only two spots were observed. One was identical in R, 
(0.56) and purple color to a sample of azo “indirect” bilirubin; the second 
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Fig. 2. Iffeet of 8-glucuronidase on ‘‘direct”’ bilirubin synthesized in liver homog- 
enates. Incubation procedures were as described in Fig. 1; extract, 1 ml.; time, 60 
minutes. At the end of the 60 minute period, suspended proteins were removed by 
high speed centrifugation; pH to 5.2 with HCl; volume to 3.7 ml. with H.O. @, 0.2 
ml. of HO added; A, 1000 units of B-glucuronidase (Warner-Chilcott Laboratories, 
New York) in 0.2 ml. of H,O. 


spot appeared after spraying with aniline phthalate at an R, identical 
with that of the sample spot of glucuronic acid (0.37). No free glucuronic 
acid was observed when the “direct”? pigment was chromatographed prior 
to hydrolysis. By quantitative analysis, a yield of 1 mole of glucuronic 
acid per mole of ‘‘direct”’ azo pigment was obtained. 

Table IT lists the activities observed when different tissues from the rat 
were homogenized and incubated. Boiled liver extracts were used as a 
source of activator in all cases. Appreciable activity was observed, not 
only in the liver but also in the kidney. A slight activity was also detected 
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in the brain on the two occasions when this tissue was examined. Muscle, 


spleen, and blood did not conjugate bilirubin. 
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Fig. 3. Effect of borneol on synthesis of conjugated bilirubin. Incubation pro- 
cedures were as described in Fig. 1; extract, 1 ml.; aliquots of borneol suspension 
were made up to 0.2 ml. with H2O; time, 45 minutes. 


TaBLe II 
Conjugation of Bilirubin to ‘‘Direct”? Bilirubin tn Various Tissues 
Incubation procedures were as described in Fig. 1; extract, 1 ml.; time, 45 min- 
utes. Liver was the source of all extract. 


Source of tissue “Direct”? bilirubin produced 


Attempts were made to follow the total bilirubin levels during the above 
studies. The addition of ethanol caused large quantities of protein to 
precipitate, which interfered with the readings. Investigations were made 
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to find another agent which would allow the development of the “total’’ 
bilirubin color without precipitation of the proteins. It was observed that 
equal volumes of acetone, acetic acid, warm phenol, or dioxane could be 
substituted for ethanol in the van den Bergh reaction. 2- to 3-fold ex- 
cesses of isoamyl and butyl alcohols could also be used. In a detailed 
study? it was found that all solvents tested that were miscible in both water 
and chloroform could replace ethanol in the van den Bergh reaction. —Sol- 
vents immiscible in one phase or the other could not be used. 

Of the solvents mentioned, only concentrated acetic acid prevented pro- 
tein precipitation, but the resulting low pH values interfered with the 
readings. 

DISCUSSION 

It has been shown that native ‘‘direct” bilirubin is primarily the glu- 
curonide of bilirubin formed after the breakdown of hemoglobin (15, 16). 
The data presented in this report further support this hypothesis by demon- 
strating the synthesis in liver homogenates of ‘direct’ bilirubin from. bili- 
rubin under conditions favoring glucuronide synthesis. The bilirubin 
conversion was stimulated py a boiled liver extract, the active agent of 
which has been identified as uridine diphosphoglucuronic acid (26), an 
immediate precursor in glucuronide synthesis. Our levels of activity in 
the absence of extract were higher than those observed by Dutton and 
Storey (17). These authors used mice tissue, which may have a lower 
endogenous level of uridine diphosphoglucuronic acid than the rat tissue 
used here. However, the curve we obtained when increasing concentra- 
tions of extract were used is similar in shape to that reported by these in- 
vestigators. Furthermore, the demonstration of inhibition of ‘‘direct” 
bilirubin by borneol, the ultimate destruction of this pigment by 6-glu- 
curonidase, and the identification of glucuronic acid as a product of hy- 
drolysis seem strong evidence that the bilirubin glucuronide identified by 
Billing and Lathe from bile and urine is primarily produced in the liver. 

Although Dutton and Storey (17) were able to find glucuronide conju- 
gation activity only in liver homogenates, Lipschitz and Bueding (27) and 
Levvy and Storey (28) detected small amounts of activity in kidney slices 
as well. No activity was observed in tissue from the spleen. Zini (29) 
reported that a-aminophenol conjugation occurred in liver, kidney, and 
spleen tissue, but not in heart, stomach, lung, muscle, skin, brain, or blood. 
Our observations of bilirubin conjugation activity in the liver and kidney, 
and possibly brain, but not in muscle, spleen, or blood are in general agree- 
ment with the conjugation studies of phenols reported by the above au- 
thors. 


3 Grodsky, G. M., and Carbone, J. V., unpublished observation. 
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The evidence presented that the kidney is capable of synthesizing some 
“direct”? bilirubin may explain the observations of authors who found 
“direct”’ bilirubin in the serum and urine after complete extirpation of the 
liver in dogs and rats (30, 31). This kidney activity may also explain why 
a small amount of ‘‘direct”’ bilirubin is often observed in familial and hemo- 
lytic jaundice (32). Possibly activity of the kidney may increase to com- 
pensate for the failing liver. The complete lack of conjugating activity in 
the blood suggests that any previous observations of conversion of bilirubin 
to “direct” bilirubin in serum was a physical phenomenon in which native 
“direct”’ bilirubin was not actually formed. 

The “direct”? van den Bergh reaction apparently can be obtained by 
any method that makes bilirubin soluble in water. This can be accom- 
plished by using bilirubin solvents which are water-miscible or by placing 
bilirubin in a soluble form by converting it to the sodium salt (33), by 
esterification (7), or by the formation of a complex of the molecule with a 
metal (5). These observations have often led to false interpretations con- 
cerning the nature of native “direct” bilirubin; which, however, is appar- 
ently a glucuronide conjugate of bilirubin (a small part of this conjugate 
may be with ethereal sulfates (15)). This ‘‘conjugated” bilirubin is a 
water-soluble pigment, and hence gives a “direct”? van den Bergh reaction. 

The method described makes it possible to observe the activity of the 
bilirubin conjugation mechanism. Comparative studies of bilirubin clear- 
ance in hepatitis, cirrhosis, congenital hyperbilirubinemia, and similar 
conditions may give some insight into the defects responsible for the Jaun- 
diced state. 


SUMMARY 


1. The conversion of bilirubin to ‘“direct”’ bilirubin in rat liver homogen- 
ates has been demonstrated. 

2. The production of “direct”? pigment was enhanced by the addition 
of a crude preparation of uridine diphosphoglucuronic acid. The resulting 
pigment was destroved by @-glucuronidase. Production of the ‘“‘direct”’ 
bilirubin was inhibited by borneol, a substance normally conjugated with 
glucuronic acid. Glucuronic acid was demonstrated to be present after 
hydrolysis of the synthesized “direct”? azo pigment. It was concluded that 
“direct”? bilirubin is produced in the liver mainly as bilirubin glucuronide. 

3. The kidney was shown to conjugate bilirubin to an appreciable extent. 
Little or no activity was observed in muscle, blood, spleen, or brain. 


The authors wish to express their appreciation to Dr. J. J. Filer and Dr. 
B. MeIvor for the generous permission to use some of their facilities. 
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INHIBITION OF MUSCLE GLUCOSE UPTAKE BY DIABETIC 
RAT SERA OF VARYING GLUCOSE AND LIPOPROTEIN 
CONTENT* 
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The serum of diabetic animals has inhibitory activity toward glucose 
utilization by tissues (1, 2) and by cell-free systems (3-5). The inhibitory 
activity in diabetic rat serum has been reported to be associated with a 
lipoprotein fraction (4-6). The inhibitory effects of the lipoprotein on 
glucose uptake by muscle were largely overcome by insulin (2); those on 
the cell-free system from muscle were occasionally reversed by insulin (4). 

These findings have a number of implications relative to the action of 
insulin (4, 7-9) and other hormones (10), which fall under two general 
headings: First, they imply a role for humoral agents in controlling glucose 
uptake, fat synthesis, and peptide synthesis by muscle, adipose tissue, liver, 
and other tissues (10); second, since lipoproteins are concerned with the 
structure and permeability of cells and cellular organelles (11-13) and with 
the activity of individual enzyme systems (5, 14-16), they raise the ques- 
tion of the extent to which the action of insulin on glucose uptake may be 
initiated by interactions between insulin and humoral or cellular lipopro- 
teins. These implications are now being explored experimentally. 

The present paper deals with (a) the inhibitory effects upon muscle of 
sera from rats having diabetes of varying severity, (b) the amount and type 
of lipoprotein in such sera, and (c) the relation between inhibitory activity 
and lipoprotein content. 


EXPERIMENTAL 


Rats and Rat Sera—Male rats of the Sprague-Dawley strain were main- 
tained on a diet of Dixie dog cubes! ad libitum, then fasted for 24 hours be- 
fore use. Animals of approximately 180 to 220 gm. were used as serum 
donors and of 90 to 110 gm. as diaphragm donors. 

Diabetes was produced by intravenous injection of alloxan monohydrate 
(Kastman), 38 to 60 mg. per kilo, as previously described (2). The animals 


* This investigation was aided by grants from the Life Insurance Medical Re- 
search Fund, from Eli Lilly and Company, and from the Dr. Wallace C. and Clara 
A. Abbott Memorial Fund of the University of Chicago. 

1]7,. Sharp, Box 451, Glen Ellyn, Illinois. 
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were allowed food and water for 48 hours, then fasted 24 hours in metabo- | 
lism cages. Jats were considered severely diabetic if their fasting serum 
glucose levels exceeded 300 mg. per cent and if they simultaneously ex- | 
creted more than 15 ml. of urine in 24 hours; no animal with subnormal 
urine volume was used. 

Blood was collected from the neck vessels after cervical separation, or 
directly from the heart as described under the section on electrophoretic 
methods. The blood was allowed to clot for about 5 minutes at 25°, then 
centrifuged (4500 X g) for 15 minutes at 5°. Serum from each rat was 
analyzed? separately for glucose. Those samples representing the desired 
degree of diabetes were pooled. Aliquots of the pooled sample were ana- 
lyzed for glucose, protein, and protein-bound lipide. 

Pooled diabetic rat sera were diluted with an equal volume of cold Krebs- 
Henseleit bicarbonate buffer (17) to yield (except for Experiment 1, Table 
I) incubation media containing one-half the glucose content of the original 
serum. The inhibitory activity therefore represents, with one exception, 
that activity found in an animal having a serum sugar level twice that in 
the test medium. The normal serum was diluted similarly, glucose 
being added to match the concentration of the concurrent diabetic samples. 

The sera were prepared at 5° as expeditiously as possible; approximately 
2 to 3 hours elapsed between bleeding and the beginning of the diaphragm 
incubation. In the inactivation tests, undiluted sera were stored in capped 
cellulose nitrate tubes at 5°. 

Incubation of Diaphragms—The two hemidiaphragms of each rat, weigh- 
ing 90 to 130 mg. in various experiments, were first placed in 10 ml. of cold 
Krebs-Henseleit bicarbonate buffer containing 140 mg. per cent® glucose 
(18). The beakers were stirred by hand at 2 minute intervals to facilitate 
equilibration and to remove potential inhibitors of glucose uptake such as 
glucose 6-phosphate. After 15 minutes, the diaphragms were removed, 
blotted lightly, and transferred to 20 ml. flat bottomed beakers containing 


2? The concentration of glucose in rat serum is considerably higher than that of 
whole blood. In a separate study on heparinized blood from fasted normal and 
diabetic rats, it was found, in the normal rat, that the glucose concentration (w/v) 
in red blood cells was about 30 per cent of that in plasma. In the diabetic rat the 
same distribution of glucose existed in mildly hyperglycemic blood; however, as 
the severity of hyperglycemia increased, the glucose content of the red cells increased 
to about 50 per cent of that of plasma. 

’ The extracellular fluid of the diaphragm tends to gain glucose from, or lose glu- 
cose to, the medium, according to whether the glucose content of the incubation 
medium is above or below that of the medium used for the preliminary soaking (2). 
It may be calculated that the recorded values for glucose uptake differ from the true 
values for glucose utilization by 0.15 mg. per gm. of muscle for each 100 mg. per cent 
bv which the glucose content of the incubation medium differs from that of the soak- 
ing medium. 
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1 ml. of the appropriate diluted serum. They were incubated for 1 hour 
at 37° in the Dubnoff apparatus (19) at 132 to 145 r.p.m.; the shaker was 
stopped every 10 minutes to uncurl the diaphragm pairs. The gas phase 
was 95 per cent Oe-5 per cent CO.. Insulin, where added, was 0.1 unit 
per ml., a concentration giving maximal effects. Insulin solutions were 
prepared by dilution of Iletin (Lilly), 80 units per ml., with Krebs-Hense- 
leit solution. The glucose utilization was determined from the difference 
between the initial and final glucose concentrations of the incubation 
medium. The diaphragms were weighed at the end of the incubation and 
the glucose utilization expressed as mg. of glucose per gm. of muscle per 
hour (20). 

The following procedure was developed to reduce variability in the meas- 
urements on diaphragms. The diaphragm donor rats were received as 
groups of twenty-four to thirty-six born on the same day and kept in the 
laboratory for 7 or 8 days before use. Diaphragms from six of these rats 
were incubated concurrently with six aliquots of a single diluted diabetic 
serum sample. Immediately upon termination of the incubation, a second 
exactly comparable experiment was run with the same diluted serum con- 
taining insulin. The control experiments with diluted normal serum or 
with inactivated diabetic serum were run on succeeding days, diaphragm 
donor rats being used from the same group as had been used for fresh dia- 
betic serum. 

Methods for Analysis—Glucose was determined according to Somogyi 

21) after barium-zince precipitation (22), protein by the method of Lowry 
et al. as modified by Sutherland et al. (23, 24). | 

Protein-bound lipide was estimated by the following adaptation of the 
Bragdon (25) method. A 0.2 ml. sample of serum was mixed with 4 ml. of 
Folin (26) acid tungstate reagent in a conical tube, allowed to stand 5 min- 
utes, and centrifuged; the supernatant fluid was discarded. The precipi- 
tate was washed with 2 ml. of distilled water. The washed precipitate was 
triturated with 2 ml. of 3:1 ethanol-ether, and the mixture was heated 
with stirring for 5 minutes at 60° in a water bath, then centrifuged. The 
supernatant fluid was decanted carefully into heavy walled test tubes grad- 
uated at 25 ml. The ethanol-ether extraction was repeated two times 
more, the extracts from each sample being combined and the final residue 
heing discarded. The extracts were evaporated to dryness in an oven 
at 90° for 6 to 16 hours, along with a tube containing 6 ml. of the ethanol- 
ether (as a blank) and other tubes containing cholesterol standards (0.1 to 
1 mg.) in 6 ml. of the ethanol-ether. When the tubes were dry and had no 
odor of solvent, they were cooled and 10 ml. of Bragdon’s H.Cr,O; reagent 
were added. The tubes were capped with marbles and heated in a boiling 
water bath for | hour and then cooled. By use of an ice bath for the tubes, 
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precooled distilled water was then added to the 25 ml. mark with constant 
stirring. Each sample was mixed well and read at 580 my against water. 
Greater sensitivity, when needed, was achieved by boiling the dried residue 
with 5 ml. of the Bragdon reagent and diluting it to 10 ml. with water. In 
preliminary experiments, it was found that the protein-bound lipide, as 
estimated by this procedure, comprises approximately 80 to 85 per cent of 
the total ethanol-ether-soluble lipides of normal or diabetic rat serum. 

Lipoprotein Content of Sera by Zone Electrophoresis on Paper—Serum for 
electrophoresis was obtained from individual fasting rats by heart puncture 
under pentobarbital anesthesia. Since the procedures for rat serum differ 
somewhat from those for human serum, they are given in some detail. 

Aliquots of fresh serum, 0.01 ml. each for protein and 0.05 ml. each for 
lipide, were placed on separate adjacent paper strips in the electrophoresis 
apparatus (27-30); Whatman MMB or Schleicher and Schuell No. 2043B 
paper was used. Measurements were carried out in either of two buffers, 
barbiturate, pH 8.6, or phosphate, pH 7.5. The barbiturate buffer (31, 32) 
contained, per liter, 8.712 gm. of diethylbarbituric acid, 1.893 gm. of so- 
dium hydroxide, 6.476 gm. of sodium acetate, and 60 ml. of 0.1 N HCl; the 
ionic strength was 0.125; runs were for 14 hours at 0.5 ma. per cm. of paper 
width. The phosphate buffer contained, per liter, 2.89 gm. of KH2PO, and 
15.93 gm. of NasHPO,; the ionic strength was 0.36; runs were for 8 hours 
at 0.77 ma. per cm. of paper width. 

To stain for protein, the strip was dried for 30 minutes at 60°, immersed 
in the bromophenol blue solution for 15 to 30 seconds, washed with water, 
and dried again. ‘To stain for lipides (33, 34), the strip was first dried at 
room temperature and then at 60° for 15 minutes. The dry strip was im- 
mersed for 1 hour in the modified®: * acetylated Sudan black B reagent (35) 
at room temperature, washed with water, and dried. Intensity of staining 
was evaluated in a photoelectric densitometer after ‘‘clearing”’ of the paper 
strip in a 1:1 mixture of light paraffin oil and kerosene. 

The lipides of rat serum appear in two broad fractions which are not re- 
solved as well as those of human serum under the same conditions. In 
barbiturate buffer, the more rapid fraction of rat serum migrates with the 
albumin and a-globulin proteins, the slower fraction with the 6- and y-globu- 
lins. 

The distribution of total stainable lipides between the two fractions was 
not significantly different in the barbiturate and in the phosphate buffers. 


40.1 gm. of bromophenol blue was dissolved in 100 ml. of a 1:1 mixture of ethanol- 
methanol which had previously been saturated with HgCl. (10 gm. per 100 ml.). 

6’ Bregman, E., Hendley, FE. D., and Krahl, M. E., in preparation. 

* A saturated solution of acetyl Sudan black B in acetone is prepared. This is 
diluted with 19 volumes of a 0.125 per cent solution of benzidine in 50 per cent etha- 
nol-water. 


E. D. HENDLEY, E. BREGMAN, AND M. E. KRAHL 463 


In experiments to check this difference, the per cent of total lipides found 
in the albumin plus a-globulin (Aq) and in the g- plus y-globulin (8y) frac- 
tions were in barbiturate, normal serum, Aa 52, By 48, diabetic serum, 
Na 27, By 73; in phosphate, normal serum, Aa 48, By 52, diabetic serum, 
\a 28, By 72. The values in Table III are therefore valid for either 
the barbiturate or the phosphate buffer. Separation of proteins in the 
phosphate buffer was less efficient than in barbiturate, the major portion 
of the proteins appearing in a broad peak. 


Results 


Observations have been carried out upon the glucose uptake of normal 
rat diaphragms in sera from animals having diabetes of varying severity, 
and upon the total concentration and types of lipoproteins in the sera of 
these animals; concurrent control observations were made with normal 
sera. 

Glucose Uptake in Relation to Glucose Content of Medium (Fig. 1)—Meas- 
urements of glucose uptake in diluted diabetic serum and in diluted normal 
serum were made at glucose concentrations from 75 to 750 mg. per cent. 

The control experiments show, first, that the rate of glucose uptake in 
diluted normal serum increases with the glucose concentration in the me- 
dium up to a concentration of about 500 to 600 mg. per cent, and, second, 
that the increase in glucose uptake produced by addition of a maximally 
effective concentration of insulin zn vitro to normal serum was relatively 
small and nearly constant over the entire range of glucose concentrations. 
The effects of insulin have been reported to be much larger in inorganic 
media (36, 37); the fact that the rate without added insulin is higher in 
normal serum than in inorganic media may perhaps be attributed in part 
to the presence of some insulin in normal serum (38-40) and in part to 
other effects of the serum (2). It should be emphasized that these meas- 
urements deal with glucose uptake of diaphragm muscle at various glucose 
concentrations; earlier observations (41) dealt with glycogen synthesis, 
which represents a variable proportion of the glucose uptake (18). 

Glucose Uptake in Sera from Rats Having Diabetes of Varying Severity’ 
(Fig. 1; Table 1)—Ten experiments were run; the results are listed in Table I 


7 The severity of diabetes produced in rats by a single injection of alloxan varied 
with dosage and with time after injection. Rats given 38 to 60 mg. per kilo intra- 
venously 3 days before being killed exhibited various degrees of hyperglycemia, 
polyuria, glycosuria, polydipsia, and weight loss. The serum glucose levels of fast - 


‘ing normal rats and the serum lipoprotein content were higher for samples of 


Table III than for those of Table II. This is ascribed to certain differences in condi- 
tions, and particularly to high environmental temperatures encountered during July, 
1956, by rats used for the experiments of Table III. 
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in the order of increasing glucose concentration of the undiluted pooled 
diabetic sera. The properties of the individual serum samples of Fig. | 
are given in the same line of Table I as the value for glucose concentration 
in the incubation medium. 

The rate of glucose uptake was in each instance lower in the diluted dia- 
hetic serum than in diluted normal serum adjusted to the same glucose 
concentration (Table I). The trend of the difference may be seen in Fig. 1; 
the lowering appeared to become maximal at glucose concentrations above 
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Fic. 1. Glucose uptake of normal rat diaphragms in serum from normal or diabetic 
rats. For the details of incubation, see xperimental.’’ 


300 mg. per cent (representing original serum concentrations of 600 mg. 
per cent), averaging approximately 2 mg. per gm. per hour above this 
point. The average lowering was 25 per cent over the entire range of glu- 
cose concentrations. Bornstein and Park (2) made similar measure- 
ments at a single glucose concentration of 200 mg. per cent in the medium, 
obtaining glucose uptake values of 4.2 mg. per gm. per hour in diluted nor- 
mal serum and 3.0 in diluted diabetic serum, an inhibition of 28 per cent. 
At the same glucose concentration, the present values were 5.4 and 3.7 
(Fig. 1), an inhibition of 32 per cent. The present findings therefore con- 
firm those previously reported, and indicate that the intensity of the in- 
hibition increases with the severity of the diabetes up to a point repre- 
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“ TABLE | 
| Inhibition of Glucose Uptake of Normal Rat Diaphragms by Sera 
of Alloran-Diabetic Rats 


The incubation media were prepared by diluting sera from diabetic (D) or normal 
. rats (N) with an equal volume of Krebs-Henseleit buffer. Glucose was added to 
normal serum to match that of the concurrent diabetic sample. The experiment 
a numbers are the same as in Table II, so that the information in Tables I and II can 
+ be directly compared. For details, see ‘‘Experimental.”’ 
e 
Severity of diabetes | Contents of Glucose uptake, mg. Difference in glucose 
| | per gm. per hr. + S.E.* normal 
wey 
Fasting | same | Sources | | As mg. |e: 
mg. meg. | mg. per| | 
percent percent | | 
1) 120) 38 10 |N(5)f 116 3.34 0.2/4.3 4 0.2 | 
| ! | D(3) | 123) 2.8 + 0.1 —0.5 | >0.05 
2, 130 38 | 7 ING) | 70/28 + 0.2/3.2 + 0.1 
! | | D (7) 65 | 2.2 + 0.1 | 2.7 + 0.2 | —0.6 | <0.02 
3, 462 60 2 238 | 5.6 + 0.2 
| | | D (4) | 231 | 4.6 + 0.2 | —1.0, <0.01 
4; 489 | 388 | 3 IN(7) | 255 | 6.6 + 0.2 | | 
| | DQ) | 254/5.2 + 0.5! 7.7 + 0.3 | —1.4 | <0.02 
252 | 4.3 + 0.3 | —2.3 | <0.001 
| PY§| 264 | 7.7 0.2 1.1 | <0.005 
5 56S 3S 3 N(5) | 290; 6.8 + 
D(6) 284 4.94 0.2 7.04 0.2 <0.001 
| | “t | 280 | 6.6 + 0.2 | —0.2 | >0.50 
6; 599 | 4 | 3 |IN(Q) | 275/634 0.4) 7.3 + 0.4 | 
| | | D (13) | 298 | 4.6 + 0.1 | 6.9 + 0.2 | —1.7 0.003 
| | | “< 294 | 5.0 + 0.4 —1.3 | 0.06 
| | | “ FT§ | 306 5.9 + 0.3 —0.4 | >0.33 
«714 | 60 | 3 IN(4) | 359/17.6 + 0.3 
| | D(5) 357 | 4.4 + | <0.001 
76300 45 3 IN (6) | 372'7.4+0.1 | | 
D6) 380 5640.1 7.5 40.3 —-1.8) <0.001 
“¢ | 370 | 7.2 + 0.3 —0.2 >0.50 
1090 60 3 488 8.6 + 0.6 
DD (6) Hd 6S + 0.8 —-1.8  <0.02 
3 N(6) 770) 9.3 + 0.6 | 
760 7.3 + 0.6 0.08 


* Diaphragms from six rats were incubated simultaneously in six aliquots of 
serum. The P value was estimated by the Fisher procedure for small numbers. 
= standard error. 

+ The number of rats used as serum donors is given in parentheses. 

t The serum had been stored for 24 hours at 5°. 

§$ The serum had been stored for 24 hours at 5°, then frozen three times at —50° 
and thawed at +60°, 
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sented by a serum glucose level of 600 to 700 mg. per cent. The inhibitory 
activity of a single sample of diabetic serum has not yet been evaluated at 
several glucose concentrations in the medium because of technical difh- 
culties. 

The lower rate of glucose uptake in the diluted diabetic serum was due 
to the presence of an inhibitor rather than to the absence of insulin, at least 
in sera with glucose concentration below 763 mg. per cent. The inhibitor 
was destroyed by repeated freezing and thawing of the whole diabetic 
serum (Table I, Experiments 4 and 6).8 Other observations on the sta- 
bility of the inhibitory substance or substances were made. In Experi- 
ments 5 and 8, conducted during the winter months, allowing the diabetic 
serum to stand for 24 hours at 5° was sufficient to remove alk inhibitory 
activity; in Experiments 4 and 6, conducted in late spring, some inhibitory 
activity was still demonstrable after 24 hours but could be destroyed by 
the freezing and thawing procedure. These findings are in accord with 
those of Bornstein and Park (2, 6) that the inhibitor is unstable. 

The inhibition by diabetic serum was insulin-reversible. In each of the 
five experiments (Table I) in which a maximally effective dose of insulin was 
added in vitro to the medium before incubation, the rate of glucose uptake 
was significantly above that observed in diabetic sera without insulin and 
as large as, or larger than, that of the controls in diluted normal serum at 
the same glucose concentration. This confirms and extends the original 
report that the effect of the diabetic serum on diaphragm muscle was insu- 
lin-reversible (2). 

Lipoprotein Content of Sera from Rats Having Diabetes of Varying Severity 
(Tables II and III)—<As estimates of lipoprotein content, two series of 
determinations of protein-bound lipide and protein were made. The first 
series was carried out to ascertain the relation between the total lipoprotein 
content of the sera, the severity of the diabetes as judged by the serum glu- 
cose concentration, and the inhibitory activity of the same sera; the second 
was carried out to ascertain the distribution of lipides among the protein 
fractions of diabetic and normal rat sera. 

The results for the first series are shown in Table IT; values for protein- 
bound lipide (PBL), protein (P), and PBL/P are given. The sera have 
the same numbers as and are arranged in the same order as those in Ta- 


8 It is possible that the inhibitor in diabetic rat serum has an antiinsulin effect. 
It may displace (47), and hold in an inactive form, a marginal amount of insulin 
carried by the normal diaphragm; it may also hold in an inactive form a small amount 
of insulin carried over from the incompletely diabetic serum donor. The increase 
in glucose uptake following inactivation of the inhibitor would then be attributable 
to the insulin released from the inactivated inhibitor. It is also possible that the 
inhibitor prevents the intermolecular rearrangements normally initiated by insulin 
at the boundary between the intra- and extracellular phases of muscle (48). 


t 
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ble I, to facilitate comparison of protein-bound lipide content and inhibi- 
tory activity. In mild diabetes (Experiments 1 and 2), there was no in- 
crease in PBL/P over normal values. When the diabetes was more severe 


TABLE II 

Protein-Bound Lipide (PBL) and Protein (P) Content of Pooled Rat Sera As Function 
of Severity of Diabetes 

For details of the determinations, see ‘‘E:xperimental.’’ 


Sera from diabetic rats Sera from normal ratst 
—_ Average Average | 
No * serum | serum 
: glucose PBL P | PBL/P glucose | PBL | P | PBL/P 
of donor | of donor | 
rats rats 
1 120 | 0.23 6.1 0.0388; 114 0.33 7.0 0.047 
2 130; 0.21 5.6 0.088 122 | 0.25 6.6 | 0.038 
3 462 | 0.36 6.8 0.053 117 | 0.28 7.1 0.039 
4 489 0.37 6.8 0.054 98 0.20 7.1 0.028 
4n | 560 0.33 6.1 0.054 0.28 8.1 | 0.035 
5 568 0.42 7.0 0.060 | 115 0.33 | 7.4 | 0.045 
6 590 | 0.49 6.8 0.072 0.20 6.9 | 0.029 
7 0.58 6.8 0.085 | 111 | 0.28 | 7.1 | 0.039 
8 763 0.57 6.0 0.095; 100 0.29 46.5 | 0.045 
8a | 860} 0.51 6.4 0.080 0.040 
9 | 1090) 0.28 6.0 0.047; 110 £O.28 6.5 | 0.043 
9a | 1420] 0.40 6.3 0.064! 101 0.35 6.9 0.051 
10 1520 0.32 5.6 0.057 9 0.28 6.7 0.042 
Mean, | 
ri- 
ments 
3to8a.| 626| 0.45 6.6 0.061} 108 | 0.28 | 7.2 0.040 
+0.034 | +£0.13 | +0.005 40.016 | 40.17 | +0.002 


* The experiment numbers correspond to those of Table I; three other samples, 
Experiments 4a, 8a, 9a, were also analyzed. 

t The values were determined on aliquots of the undiluted, pooled, fasted rat sera 
used in the preparation of incubation media shown in Table I. Test for significance 
of differences between diabetic and normal series given as probabilities for differ- 
ence by chance: PBL, <0.001; protein, 0.02; PBL/P, <0.001. 


(serum glucose between 300 and 1000 mg. per cent), PBL/P was signifi- 
cantly higher than normal. Maximal values occurred at serum glucose 
concentrations around 700 mg. per cent, the same level at which inhibitory 
activity was maximal. When the diabetes was most severe (serum glucose 
above 1000 mg. per cent), the values of PBL and PBL /P fell substantially 
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TABLE III 


Electrophoretic Distribution* of Protein-Bound Lipide (PBL) in Sera from 
Individual Diabetic or Normal Rats 


The values are arranged in the order of increasing PBL/P to emphasize the paral- | 
lel with increasing percentage in the B- plus y-globulin fraction. For experimental | 


details, see the text. 


Per cent PBL associated with 
| protein fractions 


Experiment PBL/P PBL, gm. Protein (P), ‘Serum glucose, 
No. per cent gm. percent mg.percent 
| Albumin plus B- plus 


| a-globulin +-globulin 
i i 


Sera from diabetic rats 


ll | 0.02 | 0.15 6.0 1180 | 39 61 
12 | 0.045 0.28 6.2 7 35 | 
13 0.049 | 642 35 65 
14 | 0.058 0.39 | 6.7 753 ee ee. 
15 (0.061 0.36 5.9 522 
16 (0.091 0.59 6.5 517 
17 | 0.127 0.74 5.8 727 9 91 
18 | 0.142 0.80 5.6 595 7 93 
19 0.152 1.00 6.6 615 ee. 
20 0.167 1.05 6.3 478 ey 
21 0.195 1.05 5.4 746 6 94 
22 0.255 1.58 6.2 578 

Means.... 0.114 0.69 6.1 672 | 82 

Sera from normal rats used as concurrent controls 

11 + 21 0.025 0.15 5.9 135 41 59 
12 (0.031 0.19 6.1 154 5S 42 
134+ 17 0.034 0.23 6.8 150 50 30 
14 0.034 0.21 6.1 13S 33 17 
15 + 22 0.036 ().22 6.1 151 53 47 
16 + 19 0.034 0.21 6.1 83 32 6S 
IS (0.032 0.19 6.0 111 66 34 
20) 0.027 0.18 6.6 112 45 55 

Means. . 0.032 0.20 6.2 129 50 50 


* (0.05 ml. aliquots of diabetic or normal serum were run simultaneously in the 
same electrophoresis apparatus. Under the present conditions of experiment and 
analysis, each sq. em. area under the Gaussian curves relating PBL to the distance 
of migration represented 0.024 + 0.002 per cent of PBL in the diabetic sera and 
0.018 + 0.002 in the normal sera. The estimation of total PBL by this means is less 
securate than by the chemieal method. 
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below the maximal values, and the concentration of total proteins was less 
than normal, owing probably to liver damage associated with the large 
dose of alloxan and to the extreme severity of the diabetes. It is clear 
that, although the total lipoprotein content of diabetic rat sera was, on 
the average, higher than normal, the lipoprotein content of individual 
serum samples was not correlated with the severity of the diabetes as 
judged by serum glucose concentrations of fasting animals. More- 
over, there was no detailed correlation of PBL or PBL/P with inhibi- 
tory activity. These findings emphasize the possibility that the inhibi- 
tory activity of diabetic rat serum toward glucose uptake may be 
associated with a specific small fraction of the lipoproteins rather than 
with their total concentration. 

The results for the second series of lipoprotein determinations are shown 
in Table III; they are arranged in the order of increasing PBL/P to 
bring out the parallel of these values with increasing percentage of lipides 
in the B- plus y-globulin fraction. Tor this series, all the rats were given 
45 mg. per kilo of alloxan intravenously 3 days before they were killed.’ 
On a given day, the sera from one or two diabetic rats and one normal con- 
trol rat were analyzed simultaneously by the chemical and electrophoretic 
techniques described above. As in the first series, the total lipoprotein 
content of the diabetic rat sera was higher than normal; again, the lipo- 
protein content of individual serum samples was not correlated with the 
severity of the diabetes. 

The lipoprotein in diabetic rat serum was found mainly in the 6- plus 
y-globulin fraction (Table III), which increased, on the average, from 50 
up to 82 per cent of the total, an absolute increase of nearly 6 to 1 (from 
0.10 to 0.57 per cent). 

An increase in the lipides of the 6- and y-globulin fractions had previ- 
ously been noted in diabetic human (42) and dog (43) sera. There was 
little or no change in either total proteins or in the electrophoretic dis- 
tribution of proteins in the diabetic as compared to the normal rat. 


DISCUSSION 

These experiments confirm earlier reports (2, 4) that serum of diabetic 
rats contains an inhibitor of glucose uptake. The inhibitory activity be- 
comes more marked as the severity of the diabetes increases up to a point 
represented by a fasting rat serum sugar of about 600 to 700 mg. per cent, 
and remains virtually unchanged above that level. This inhibitor in dia- 
betic rat serum is unstable to freezing and thawing and to extended storage 
at 5°. The effects of the inhibitor upon glucose uptake by normal dia- 
phragms are reversible by large concentrations of insulin added in vitro. 
This reduction of glucose uptake is of some interest because it represents 
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the sole known instance in which sensitivity to a hormone (insulin) can be — 


induced by addition to a tissue in vitro of another agent (inhibitory serum), 
The mechanism of the inhibition remains to be defined.’ 

It has been reported that this inhibitor is precipitated in a lipoprotein 
fraction (6). The present experiments show that diabetic rat serum con- 
tains more lipoprotein than normal, chiefly in the 6- and y-globulin frac- 


tions. The inhibitory activity paralleled the lipoprotein content in a — 
general way, as the maximal inhibitory activity and the maximal lipopro- | 


tein content were both attained at fasting rat serum glucose levels of 
about 600 to. 700 mg. per cent, but there was no detailed correlation 
between inhibitory activity of individual serum samples and their content 
of total or 8-lipoproteins; for example, the inhibitory activity was sub- 
stantially higher in a sample of serum having a PBL/P of 0.046 (serum 
glucose 1090 mg. per cent) than in a sample having a PBL/P of 0.054 
(serum glucose 462 mg. per cent). The inhibitor may be a lipoprotein 
but, if so, it comprises only a small fraction of the total. Bornstein (5) 
found diabetic sera to inhibit reactions involving substrates containing 
either a quaternary amine group or an organic phosphate group. This 
suggests to the present authors that the inhibitor may involve a_phos- 
phatidyl or phosphatidal moiety. Fractionation experiments to clarify 
the issue are under way. 

The relationship of the inhibitor studied here to antiinsulin agents studied 
by other investigators remains to be defined. Vallance-Owen et al. (44) 
found that the effect of small concentrations (400 microunits per ml.) of 
insulin on glucose uptake of diaphragms was inhibited by serum from 
uncontrolled, non-ketotic, human diabetics of the unstable juvenile type; 
this inhibitor was not destroyed by freezing. Field and Stetten (45) found 
that the extra glycogen synthesis induced in diaphragms exposed momen- 
tarily to insulin according to the Stadie technique (9) was reduced by prior 
short exposure of the diaphragms to serum from insulin-resistant human 
diabetics who were in severe ketosis. This factor affected only the extra 
glycogen synthesis induced by the insulin; it disappeared as soon as the 
ketosis was corrected, even when the patient was still hyperglycemic; it 
was stable to freezing and appeared to be associated with the a-globulin 
fraction of human serum. Haugaard and Marsh (46) found that the extra 
glycogen synthesis was inhibited when serum from certain insulin-resistant 
diabetic patients was present during the momentary exposure to insulin 
according to the Stadie technique; this inhibitor differed from that of Field 
and Stetten in that it had to be present during the exposure to insulin in 
order to act, although the Field-Stetten factor was effective when applied 
before, together with, or after the insulin. 

Thus, it should be kept in mind that a number of test indices are being 
used. The inhibitor studied in the present paper reduces the basal® glucose 
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uptake of normal diaphragms (?.e. without added insulin); the Vallance- 
Owen factor inhibits the extra glucose uptake induced by marginally effec- 
tive doses of insulin; the Field-Stetten and Haugaard-Marsh factors inhibit 
only the extra glycogen synthesis induced by the small amounts of insulin 
taken up under the Stadie conditions. Since the inhibitor in diabetic rat 
serum and the factor studied by Vallance-Owen in human serum may be 
related, the question arises whether such an agent may be carried in differ- 
ent fractions of serum according to the species. The Field-Stetten and 
Haugaard-Marsh factors, which do not affect basal glycogen synthesis, 
and are associated with insulin resistance in the serum donor, clearly fall 
into other categories. 


The assistance of Mrs. Betty Podolsky Guttman in developing the pro- 
tein-bound lipide method is gratefully acknowledged. 


SUMMARY 


1. The glucose uptake of normal rat diaphragm muscle is lower in serum 
from alloxan-diabetic rats than in serum from normal rats. The magni- 
tude of the lowering increases with the severity of the diabetes up to a 
degree of severity represented by a serum sugar level of 700 mg. per cent, 
and remains virtually unchanged above that level. The lowering is asso- 
ciated with the presence of an inhibitor which, in confirmation of previous 
reports, is destroyed by repeated freezing and thawing or by extended 
storage at 5°. The effects of the inhibitor are reversed by insulin in maav- 
mal doses. 

2. The lipoprotein content of diabetic rat serum is higher than normal. 
This increase in protein-bound lipide occurs chiefly in the 8- plus y-globulin 
fraction, which reaches an average serum concentration of 0.57 per cent, 
as compared to 0.10 per cent in the normal. 

3. The inhibitory activity of the diabetic sera toward glucose uptake 
parallels the lipoprotein content in a general way, the maximal inhibitory 
activity and maximal lipoprotein content being reached at fasting rat serum 
glucose levels of about 700 mg. per cent, but there is no detailed correlation 
between inhibitory activity of individual serum samples and their lipopro- 
tein content. 

4. The relation of this inhibitor in diabetic rat serum to other humoral 
agents which influence carbohydrate utilization and insulin action is dis- 
cussed. 
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THE INCORPORATION IN VIVO OF P®-LABELED 
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Although many experiments in vivo have been performed on the incor- 
poration of P-labeled orthophosphate into the phosphatides of animal 
tissues (1-4), limited study (5) on the incorporation into the individual 
phosphatides has been made because of the lack of adequate methods for 
the fractionation of these compounds. With the development of effective 
paper chromatographic procedures for the separation of intact phosphatides 
(6-10), it has become possible to carry out such investigations. In this 
paper a qualitative study is reported on the incorporation of P*-labeled 
orthophosphate into the individual phosphatides of various tissues of the 
rat. The results obtained by the use of paper chromatographic methods 
demonstrate the incorporation in vivo of labeled orthophosphate into as 
many as fifteen different phosphatides in a single tissue and show the appli- 
cation of these methods to lipide problems. 


EXPERIMENTAL 


P® Administration—White rats were injected subcutaneously with a 
buffered solution containing P*®-labeled orthophosphate. The animals 
were killed 18 hours after the last injection, and total lipides of the various 
tissues were extracted with chloroform-methanol as described previously 
(7). Aliquots of the last chloroform solution representing the total lipides 
were assayed for lipide P and radioactivity to determine the specific activ- 
ity of the total phosphatides of each tissue. For determining the radio- 
activity, a 10 wl. aliquot of each solution was applied to the filter paper as 
a uniform spot, the paper was washed with water for 1 hour to remove 
water-soluble contaminants, and the radiation measured with a Geiger 
counter. 

Paper Chromatography—Paper chromatography was carried out on both 
non-impregnated and silicic acid-impregnated paper (Whatman No. 1). 
Ketone-acetic acid solvents (8) and octanol-lutidine-acetic acid (6, 7) were 

* This work was supported in part by grants No. H2063 and No. B679 from the 
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used with non-impregnated paper, whereas diisobuty! ketone-acetic acid- 
water (9) and chloroform-methanol (10) or chloroform-methanol containing 
2 per cent water (9) were used with silicic acid-impregnated paper. The 
methods for the detection of the phosphatides on the chromatograms and 
the details of the chromatographic technique are described elsewhere (6-9). 

In these experiments the total lipide extract of each tissue was used for 
chromatographic analysis. For comparison, the isolated phosphatide frac- 
tion of intestinal lipides was also chromatographed, this latter frac- 
tion being prepared by column chromatography on silicic acid as follows: 
304 mg. of total intestinal lipides (containing 0.43 per cent P) in 5 ml. of 
petroleum ether were eluted from 6 gm. of silicic acid (column measuring 
1.0 cm. inner diameter). 100 ml. of 10 per cent ethyl ether in petroleum 
ether eluted most of the non-phospholipides (234 mg.). The column was 
then successively treated with 50 ml. of chloroform-methanol 1:1 and 75 
ml. of absolute methanol to obtain the phospholipide fraction (66 mg., 
containing 1.81 per cent P). This latter fraction is believed to contain 
some mono- and diglycerides which would account for the low percentage 
of P. It was found that 98.7 per cent of the P and 98.8 per cent (dry weight 
basis) of the total lipides applied to the column were eluted. 


RESULTS AND DISCUSSION 


The experimental data are given in Table I and in Figs. | to 5, which 
are photographs of some typical autoradiograms. The weaker spots in 
these reproductions are not as evident as in the original autoradiograms. 
In confirmation of the work of others (1), liver had the highest and brain 
the lowest specific activity. In addition, the lipide P, and consequently 
the per cent of the total lipides which is phosphatide, was highest in lung 
and lowest in intestine. 

The phosphatide components in each spot observed on the autoradio- 
grams were identified by their movement relative to known phosphatides, 
eharacteristic chemical tests, and their behavior after acetylation (6, 7). 
The intensity of the spots on the autoradiograms is a measure of the total 
radioactivity of the phosphatides they contain and is not necessarily a 
function of the concentration of the phosphatides. However, by comparing 
the intensity of each spot on the autoradiograms with the intensity of 
their respective chemical tests, it is possible to obtain an approximation 
of their specific activity. For this reason, some of the lipide components 
giving weak spots on autoradiograms are believed to have a high specific 
activity since they occurred in trace amounts. 

Control experiments showed that, when chromatograms obtained on 
non-impregnated paper were washed with water, all of the water-soluble 
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constituents! which might occur as contaminants in the total lipide extract 
were removed. In the case of silicic acid-impregnated papers, trace 
amounts of basic amino acids, water-soluble phosphate esters, and ortho- 
phosphate remained on the chromatograms which had been washed with 
water for | hour. In either case, no phosphatides were washed from the 
chromatograms. These results were confirmed by experiments in which 
both P*-labeled and unlabeled orthophosphate and glycerophosphate were 
used either alone or mixed with unlabeled lipides. The Re values of all 
the water-soluble compounds! were below 0.1, so that even if they were 
not completely removed from the chromatograms they would not be con- 


TABLE I 


Summary of Data on Lipides Obtained from Various Tissues of Rat 


issue lipides weight lipide Specie activity 
gm. meg. per cent per cent c.p.m. pery P 
1.0 35 3.50 2.50 321 
| | 7.85 2.24 | £=xVery lowf 


* The lipide extracts used were those described in Fig. 1. 
+ The radioactivity of the brain phosphatides was too low to be determined by 
the Geiger counter. Autoradiograms of the brain phosphatides required 1 month 


exposure to obtain the results shown in Fig. 1. 


fused with the lipide spots. It was concluded, therefore, that all the spots 
on the autoradiograms which had an PR, value greater than 0.1 were due 
to phosphatides. 

It appears that at least five phosphatides were labeled in each tissue, 
with the possible exception of brain (lig. 1). This was shown to be a 
minimal number since subsequent two-dimensional chromatography (Fig. 5) 
or chromatography in diisobutyl ketone-acetic acid-water (ig. 2) of the 
heart lipides revealed several more phosphatides which were labeled. 
These results demonstrated that some of the spots observed on the auto- 
radiograms in Fig. 1 contained more than one component and that these 
were resolved by two-dimensional chromatography. 

'The following compounds were tested in this regard: orthophosphate, glycero- 


phosphate, phosphoryvlcholine, phosphoglyvceric acid, adenosine mono-, di-, and 
triphosphates, and a variety of neutral, basic, and acidic amino acids. 
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Since all the pure phosphatides studied (7, 9) gave only one spot on 
chromatography in the solvent systems employed, the possibility of mul- 
tiple spotting by the naturally occurring phosphatides is not considered 


SOLVENT 
CHCiS MEOW 3:1 


UNKNOWN 


4° CEPHALIN 


3* LECITHIN 


SPHINGOMY ELIN 
2° ACETAL PL 
SERINE PL 
LYSOLECITHIN 
INOSITOL PL 


O* UNKNOWN 


Fic. 1. Autoradiograms of P*?-labeled phosphatides of various tissues of the rat. 
The lipides of all the organs except brain were obtained from the combined respective 
tissues of two white rats which were injected subcutaneously with 1.0 me. of P8?- 
labeled orthophosphate in 1.0 ml. of 0.1 M phosphate buffer, pH 7.4. In the case of 
brain, the lipides were obtained from the combined organs of two white rats which 
were injected subcutaneously once daily for 3 days with 0.35 me. of P*?-labeled ortho- 
phosphate in 0.75 ml. of 0.1 M phosphate buffer, pH Chromatography was carried 
out on silicic acid-impregnated paper by the method of Lea et al. (10). 60 7 of total 
phosphatides (calculated from P values) were applied to the paper in 20 ul. of isoamy! 
aleohol-benzene, 1:1. Autoradiograms were prepared on Kodak no screen x-ray 
film. Kxposure times were as follows: liver, intestine, and kidney, 1 week; spleen 
and lung, 2 weeks; heart, 3 weeks; brain, 1 month. 


likely. From the results of two-dimensional chromatography it is con- 
cluded that at least fifteen different phosphatides become labeled in a 
single tissue (I‘ig. 5). In view of the fact that reference samples of all the 
major phosphatides were investigated and that some of the spots (lig. 5) 
corresponded to none of them, it is thought that this points to a more com- 
plex nature of tissue lipides than was formerly believed and gives evidence 
for the occurrence of new types of phosphatides. 
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The collected chromatographic data and chemical tests show that leci- 
thin and phosphatidyl ethanolamine are major lipides in all the tissues 


PHOSPHATIOR COMPONENTS 


2-INOSITOL PHOSPHATIDE 


S-ACETAL PHOSPHATIDE + 
SPHINGOMYELIN 


¥- SPHNGOMYELIN 


4°LECITHIN 


LECITHIN + ACETYLATEO 
INOSITOL PHOSPHATIDE 


N-ACETYL CEPHALIN 
G-PHOSPHATIDYL SERINE 


N-ACETYL ACETAL PHOSPHATIDE 


CEPHALIN 
N-ACETYL PHOSPHATIOYL SERINE 
OTHERG- UNIDENTIFIED 


Fic. 2. Autoradiograms of P*?-labeled rat heart phosphatides. The lipides were 
obtained from the combined organs of two white rats which were injected subcu- 
taneously with 1.65 mc. of P*?-labeled orthophosphate in 0.35 ml. of 0.01 M phosphate 
buffer, pH 7.4. Chromatography was carried out on silicic acid-impregnated paper. 
The solvent used was diisobuty] ketone-acetic acid-water, 40:30:7 (9). Heart = 150 
y of total heart lipides; heart acetyl = 100 y of acetylated (6) total heart lipides. 
The lipides were applied to the paper in 10 ul. of chloroform-methanol, 1:1.) exposure 
time for the autoradiograms was 3 weeks. 


studied and become heavily labeled with respect to the other lipides. 
Sphingomyelin, phosphatidyl] serine, inositol phosphatide, and acetal phos- 
phatide are minor constituents in all the tissues except brain, in which 
they were found in higher concentration. The component in heart lipides 
behaving like inositol phosphatide showed considerable incorporation of 
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P®, whereas sphingomyelin was very weakly labeled (I*ig. 2). Intestine 
contained a small amount of a lipide behaving like lysolecithin (Fig. 1, 


SOLVENT 
DNUSOBUTYL KETONE- 
ACETIC 30:5 


7° N-ACETYL SERINE PL 


6: ° ACETAL PL 


5:° CEPHALIN 


4° LECITHIN 


CEPHALIN 
3 «SERINE PL 
NACETAL PL 


2* SPHINGOMYELIN 


LYSOLECITHIN 
INOSITOL PL 


UNKNOWN 


Fic. 3. Autoradiogram of P*-labeled rat heart phosphatides. The lipide extracts 
used were those deseribed in Fig. 1. Chromatography was carried out on non- 
impregnated paper (8). Heart = 604 of total heart lipides; heart acetyl = 6045 of 
acetylated (6) total heart lipides. The lipides were applied to the paper in 20 ul. 
of isoamy] aleohol-benzene, 1:1. exposure time for the autoradiogram was 3 weeks. 


Spot 1). This latter lipide occurred in lesser amount in some of the other 
tissues. In view of the possible role of phosphatidic acid-like compounds 
in the biosynthesis of phosphatides (11), it is of particular interest that 
phosphatidic acid was not detected in any of the rat tissues. A lipide hav- 
ing a similar mobility to phosphatidic acid was observed on chromatograms 
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developed on impregnated paper (Fig. 1, Spot 5; Fig. 2, Spot 9; Fig. 5, 
Spot 1), but no component having an Ry value greater than 0.90 corre- 
sponding to the standard phosphatidic acid was found when the octanol- 


SOLVENT 
CHen-PROPYL KE TONE 
ACETIC ACID 30:2 


4* LECITHIN 
CEPHALIN 

SERINE PL 
ACETAL PL 


2A * SPHINGOMYELIN 


2 * LYSOLECITHIN 


i * INOSITOL PL 


O * UNKNOWN 


Fic. 4. Autoradiogram of P*?-labeled phosphatides of rat liver, intestine, and 
kidney. The lipide extracts used were those described in Fig.1. Chromatography 
was carried out on non-impregnated paper (8). 60 y of total lipides were applied to 
the paper in 20 wl. of isoamy! aleohol-benzene, 1:1. I:xposure time for the autoradio- 
gram was 3 weeks. 


lutidine-acetic acid (7) or diisobutyl ketone-acetic acid with non-impreg- 
nated paper (lig. 3) was used. Consequently, phosphatidic acid does not 
appear to be a naturally occurring constituent of the lipides of the rat 
tissues studied, although there is substantial evidence (5, 11) that it is an 
active intermediate in im vitro systems. Studies by Dawson (5) also in- 
dicate that little, if any, phosphatidic acid occurs tn vivo. 
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The paper chromatographic techniques employed provide a simple yet 
very effective method for the qualitative study of the incorporation of 
labeled precursors into the individual phosphatides of animal tissues. — It 
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hic. 5. Autoradiogram of P*?-labeled rat heart phosphatides. The lipide extracts 
used were those described in Fig. 2. Chromatography was carried out on silicic 
acid-impregnated paper (9). Solvent A = diisobutyl ketone-acetic acid-water, 40: 
30:7; Solvent C = chloroform-methanol, 3:1, containing 2 per cent water. 100° ¥ 
of total heart lipides were applied to the paper in 10 wl. of chloroform-methanol, 
1:1. [Exposure time for the autoradiogram was 3 weeks. 


Was not necessary to isolate the phosphatides from the total lipide extract 
before chromatography, even in the case of a lipide extract having a low 
phosphatide content such as that of intestine. The mobilities of the phos- 
phatides were identical whether they were run alone or were mixed with a 
large excess of non-phospholipides (7). 

The acylation technique permitted the separation of the N-acyl deriva- 
tives of phosphatides containing a free amino group (Tigs. 2 and 3) and 
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provided a more sensitive method (6) for the identification of this class of 
lipides, especially in cases in which they occur in concentration below the 
sensitivity of the ninhydrin reagent. 

The autoradiograms in Figs. 3 and 4 show the types of separations which 
can be achieved on non-impregnated paper. Although these separations 
may not seem as remarkable as those obtainable on silicic acid-impregnated 
paper, chromatography on the former paper is simpler to carry out and 
has the unique advantage of permitting a distinct separation of phospha- 
tidic acid from all other phosphatides studied. Furthermore, chromatog- 
raphy in more than one solvent system is required for more conclusive 
evidence of the identity of an unknown compound. 

While the results reported in this paper are of a qualitative nature, quan- 
titative methods are under development which should permit calculation 
of the amounts and specific activities of individual phosphatides. 


SUMMARY 


The in vivo incorporation of P*-labeled orthophosphate into the individ- 
ual phosphatides of various tissues of the rat was determined by the use 
of paper chromatographic methods. In all the tissues studied, lecithin, 
phosphatidyl ethanolamine, and a component behaving like inositol phos- 
phatide were major lipide constituents and showed the highest amount of 
labeling. The finding of as many as fifteen labeled phosphatides in a 
single tissue points to the complex nature of tissue lipides and indicates 
the presence of new types of phosphatides. 
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The reductive cleavage of canavanine to homoserine and guanidine by 
washed cell suspensions of Streptococcus faecalis has been described pre- 
viously from this laboratory (1). Attempts to obtain the enzymes re- 
sponsible for this reaction in cell-free form have been unsuccessful. How- 
ever, cell-free extracts of some strains of S. faecalis do contain a much less 
active canavanine-destroying enzyme. Partial purification of this enzyme 
and identification of the products of its action are described herein. The 
enzyme was proved to catalyze reaction (a) below and is apparently iden- 


NH NH, 


L-Canavanine 
() 


| 
NH;CNHOCH;CH,CHCOOH + NH; 


O-Ureido-L-homoserine 


tical with arginine desimidase (2). The latter enzyme has not been puri- 
fied previously, nor has it been recognized to attack canavanine. 


EXPERIMENTAL 


Quantitative Procedures—Canavanine (1), arginine (3), ammonia (4), 
and total nitrogen (5) were determined by the procedures cited. Citrulline 
was determined by a slight modification of Archibald’s (6) procedure. ‘The 
sample, 1 ml. of the phosphoric acid-sulfuric acid mixture (3:1), 0.5 ml. 
of 1 per cent diacetylmonoxime, and water to 6.0 ml. were placed in red 
(“low actinic’”’) test tubes capped with one-hole rubber stoppers fitted with 
a short heavy walled capillary tube. These were heated in a boiling water 
bath for 15 minutes and then placed in cold water for 15 minutes. The 
contents were transferred toa cuvette and read in the photoelectric colorim- 
eter. 


* Present address, Department of Biochemistry, University of California, Berke- 
ley, California. 
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Enzyme Assay—Enzyme activity was assessed in terms of canavanine 
disappearance. ‘The enzyme preparation, 0.5 umole of L-canavanine, and 
100 umoles of phosphate buffer, pH 6.5, in a total volume of 0.5 ml., were 
incubated at 37° for 30 minutes and residual canavanine was determined 
colorimetrically. 1 unit of activity is that amount of enzyme which 
causes the disappearance of 0.1 umole of canavanine under these conditions. 
The specific activity of the enzyme is expressed as units of activity per mg. 
of nitrogen. 


Results 


In preliminary experiments, cell-free extracts of S. faecalis R were ob- 
tained by grinding with alumina, by ultrasonic oscillation, and bv buffer 
extraction of lyophilized cells and of cells dried over KOH in vacuum. 
None of these extracts destroyed canavanine. Buffer extracts of acetone- 
dried cells showed such activity, provided that the ratio of acetone to cell 
suspension during drying was not above 2.5. Because intact cells contain 
another set of canavanine-destroying enzymes (1) that are not extracted, 
and because of lability of the enzyme that is extracted, these extracts 
possess only a small fraction of the total canavanine-destroying activity 
of whole cells. S. faecalis 9790 yielded somewhat more active extracts 
than S. faecalis R, and was used for purification of the enzyme. 

Preparation of Cells—Cells of S. faecalis 9790 were grown for 12 hours at 
37° in 18 to 60 liter batches of medium that contained 1 per cent veast 
extract (Basamin, Anheuser-Busch, Inc., St. Louis), 1 per cent peptone 
(Difco), 0.5 per cent glucose, and inorganic salts A and B at previously 
used concentrations (7). The activity of cells or of extracts was not in- 
creased by culturing in the presence of canavanine. Slight variations 
in activity of different lots of cells and of the derived enzyme concentrate 
occur; the procedure described below is typical. 

Cells from 60 liters of medium were collected in the Sharples centrifuge, 
suspended in 750 ml. of water, chilled (0°), and poured rapidly with stirring 
into 2.5 volumes (1875 ml.) of cold acetone. After 10 minutes in the cold, 
the bulk of the fluid was decanted. The cells were filtered out and washed 
with cold acetone, then with cold ether, and finally dried tn vacuo at 4° 
over KOH and paraffin. Dried cells obtained in this way from 180 liters 
of medium weighed 64 gm. Although stored at — 15°, such cells lost 75 
per cent of their initial activity in 2 months. 

Purification of Enzyme-—Acetone-dried cells (10 gm.) were extracted by 
shaking gently with 250 ml. of 0.02 m phosphate buffer, pH 6.5, for 12 
hours at 30°. The cell residues were removed by centrifugation. The 
soluble portion (Fraction 1, Table T) was treated at 0° with solid ammonium 
sulfate. The proteins soluble in 0.40 but insoluble in 0.52 saturated am- 
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monium sulfate were collected and dialyzed at 4° against several changes 
of 0.001 m phosphate buffer, pH 6.5, until no ammonia was detected in the 
dialysate. The enzyme solution thus obtained (Fraction 2, Table I) was 
treated with 14 ml. of protamine sulfate (20 mg. per ml.) solution and the 
insoluble material discarded. The soluble fraction (Fraction 3, Table I) 
was again treated with solid ammonium sulfate at 0°. The fraction soluble 
in 0.38 but insoluble in 0.47 saturated ammonium sulfate was dialyzed as 
described previously. The resulting solution (Fraction 4, Table I) was 
stirred with 160 mg. of calcium phosphate gel and centrifuged, and the 
precipitate discarded. The aqueous residue (Fraction 5, Table I) con- 
tains enzyme purified approximately 33-fold over the initial cell extract. 
This preparation or its equivalent was that used in subsequent studies. 
It loses activity slowly upon storage at — 15°. 


TABLE I 
Summary of Purification Scheme for Canavanine-Destroying Enzyme from S. faecalis 


| 


| Volume, Total | activity, Yield, 
| nits units t 
No. | | m | per ml. | u Ss | a <a per cen 
l Cell-free extract | 225 | 1.4 | 3280 |; 10 ; (100) 
2 fraction from (1) 110 | 0.9 | 2480, 2 | 7% 
3  Protamine-treated (2) 120 0.33 | 1910 | 48 | 5&8 
4  (NH,)2SO, fraction from (3) 30 | 0.31 | 1355 | 145 | 4! 
5 | 


Ca;(PO,)2-treated (4) «0.131300 33488 


Nature of Enzymatic Reaction; Isolation and Characterization of O-Ureido- 
homoserine—-As shown in Fig. 1, A, the rate of canavanine disappearance 
is proportional to enzyme concentration under the assay conditions. Paper 
chromatograms of reaction mixtures showed that no guanidine or homo- 
serine was formed; however, an unidentified ninhydrin-reactive product 
was formed. Since ammonia was formed in amounts equimolar to the 
destroyed canavanine (Table II), it appeared probable that desimidation 
analogous to the conversion of arginine to citrulline (2) was occurring. 
This view was strengthened by the finding that Fraction 5 was highly 
active in destroying arginine (Fig. 1, B), catalyzing its conversion to citrul- 
line and ammonia (Table IT). The product of this reaction with cana- 
vanine as substrate would be O-ureidohomoserine, a hitherto undescribed 
compound. The product was isolated as follows: 2 mmoles of L-canavanine 
and 130 units of enzyme in 100 ml. of 0.01 1 ethylenediaminetetraacetic 
acid (EDTA) buffer, pH 6.5, were incubated at 37°. After 72 hours, the 
incubation mixture, in which 80 per cent of the canavanine had disappeared, 
was placed on a 2.2 & 40 em. column of Dowex 50 (200 to 400 mesh, H* 
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form). The column was washed with 200 ml. of water, then developed 
with 1 x HCl. A major ninhydrin-reactive zone was eluted between 600 
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ENZYME (MICROGRAM NITROGEN) 
Fic. 1. Degradation of canavanine (A) or arginine (B) as a function of enzyme 
concentration. Standard assay conditions (see the text) were employed with an 
enzyme preparation of specific activity 33. 


TABLE II 
Stoichiometry of Destruction of Arginine and Canavanine 
by Canavanine-Destroying Enzyme 


Canavanine as substrate* | Experiment 1) Experiment 2 | 
Canavanine destroyed, wmole. 0.412 0.493 
Ammonia formed, umole... | | 0.493 
Arginine as substratet | Experiment 3 | Experiment 4 | Experiment 5 
Arginine destroyed, uwmole..... ............... (0.291 0.480 | 0. 254 
Ammonia formed, wmole....................... | 0.288 0.462 0.263 
Citrulline formed, wmole....................... | 0.307 | 0.481 | 


* Standard assay conditions (see the text) were used in I:xperiment 1; the amount 
of substrate in I:xperiment 2 was increased to 1 ymole. 3 units of enzyme, specific 
activity 29, were used in each case. 

7 Standard assay conditions with arginine replacing canavanine were employed. 
In Experiments 3 and 5, 0.025 unit, and in Experiment 4, 0.05 unit of enzyme, specific 
activity 33, were employed. 


and 1400 ml. of the acid effluent; the fraction between 900 and 1400 ml. 
also contained ammonia. The fraction between 600 and 900 ml. was con- 
centrated to dryness below 0° in the lyophyl apparatus.!. The residue was 


1 The acid solution does not stay frozen. When these solutions were concentrated 
in vacuo at room temperature or above, the product was no longer ninhydrin-reac- 
tive. 
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dissolved in 25 ml. of water and filtered, the filtrate was concentrated to 
dryness in vacuo (below 20°), and the residue dissolved in 10 ml. of absolute 
ethanol. The insoluble matter was filtered off and the filtrate was evapo- 
rated to dryness in vacuo. The glassy residue was crystallized from water- 
ethanol mixture, yielding 220 mg. of product, m.p. 179-179.5°, [a]? +11.8° 
(5 per cent in water); +20.4° (2 per cent in 5 N HCl). The product con- 
tained chloride ion and gave correct values when analyzed for O-ureido- 
homoserine monohydrochloride. 


C5Hi,0,N;3-HCl. Calculated. C 28.11, H 5.66, N 19.67 
213.63 Found. “28.30, “ 5.64, 19.95 


Its migration rate on paper chromatograms established the product as that 
present in untreated reaction mixtures of canavanine with Fraction 5. 

When shaken with palladium black in hydrogen under conditions such 
that canavanine yields guanidine and homoserine (8), the product yielded 
urea (detected on chromatograms by spraying with p-dimethylamino- 
benzaldehyde, 2 per cent in 1.2 Nn HCl (9)) and homoserine. The mode of 
formation from canavanine by loss of ammonia, the cleavage to urea and 
homoserine, and the optical rotation and analysis are sufficient to character- 
ize the product as O-ureido-L-homoserine. The reaction of canavanine 
catalyzed by the enzyme is thus 


L-Canavanine + H.O — O-ureido-L-homoserine + NH; 


The same preparation is far more active in catalyzing the corresponding 
desimidation of arginine to citrulline. It appears likely, therefore, that the 
canavanine desimidase and arginine desimidase are identical, and that 
arginine is the preferred substrate. 

Synthesis of O-Ureido-pL-homoserine—DL-Homoserine hydrobromide was 
synthesized from y-butyrolactone by the procedure of Livak et al. (10). 
pL-Canaline was then synthesized from homoserine essentially as described 
by Kitagawa (11). The product of this four-step procedure was obtained 
in low yield, but proved chromatographically identical with L-canaline 
obtained from the action of liver arginase on L-canavanine. 

By procedures analogous to those used for synthesis of citrulline from 
ornithine, O-ureidohomoserine was formed in low yield from canaline by 
condensation of the copper chelate (in which the a-amino group is masked) 
with urea (12) or with potassium cyanate (13). Following removal of 
copper with HS, O-ureidohomoserine, identical in chromatographic be- 
havior with the isolated product, was present in the reaction mixture. The 
synthetic procedure also gives rise to substantial amounts of homoserine 
as an unwanted side product, and minor unidentified ninhydrin-reactive 
products. O-Ureidohomoserine was separated from this mixture by frac- 
tionation on the Dowex 50 column, followed by paper chromatography. 
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Like the natural product, the chromatographically pure synthetic com- 
pound on hydrogenolysis yielded urea and homoserine, demonstrating that 
condensation occurred on the terminal amino group of canaline and con- 
firming the identity of the product of the enzymatic reaction. 

Properties of Enzyme; pH Optimum—The pH-activity curves were simi- 
lar with either canavanine (Fig. 2, A) or arginine (Fig. 2, B) as substrate, 
the optimum in phosphate buffer for arginine being slightly higher (pH 
6.8) than that for canavanine (pH 6.7). 

Stability—The data of Fig. 3 show the enzyme to be relatively resistant 
to heat, the activity increasing regularly to 60°, the highest temperature 
tested, and surviving 30 minutes preheating at this temperature, with less 
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hic. 2. btfeet of pH and buffer on degradation of canavanine or arginine by the 
S. faecalis enzyme. 1.5 units of enzvme (A) and 0.015 unit (B), specific activity 33. 
Phosphate and Lk DTA buffers were 0.1 M; other assay conditions as in the text. 


than 20 per cent inactivation. The enzyme shows maximal stability in 
solution in the pH range between 6.5 and 7.5. 10 per cent inactivation 
occurred at pH 5.0 and 20 per cent at pH 9.4 during 2 hours at 27°. 

Activators and Inhibitors —The enzyme is sensitive to inhibition by a 
number of metal ions (Table III). Of these, Cu(IT) and Zn(II) are most 
effective. p-Chloromercuribenzoate was extremely inhibitory; its effect 
was readily reversed by cysteine, indicating the presence of an essential 
sulfhydry] grouping and suggesting this as a site of action for the inhibitory 
metal ions. Metal-chelating agents were slightly stimulatory rather than 
inhibitory, perhaps because they remove trace metal contaminants in the 
reagents or in the enzyme preparation. Carbonyl reagents were not in- 
hibitory. 

In the early stages of this investigation, phosphate buffer appeared es- 
sential for the destruction of canavanine, the optimal concentration being 


XUM 


H. KLHARA AND SNELL 


MICROMOLES DEGRADED 
oO 
T 


T 


30 40 SO 60 
TEMPERATURE 


Fig. 3. Effect of temperature on the desimidation of canavanine. 


Standard as- 


say conditions with 2 units of enzyme, specific activity 33. Curve A, amount of 


eanavanine degraded in 30 minutes at indicated temperatures. 


Curve B, amount 


of canavanine degraded in 30 minutes at 37° after 30 minutes preincubation of en 
zyme alone at the indicated temperatures. 
TaBLe III 
Effect of Inhibitors on Canavanine Desimidation by Canavanine 
Desimidase of S. faecalis 
Per 
Inhibitor | Concentration Inhibitor 
activity 
| M | | | M 
| | 10-3 | 121 
1074 Isonicotinie acid hydrazide....... | 85 
Fe(II)........ 10-4 10-3 106 
Mn(II)....... 10-4 70 | p-Chloromercuribenzoate......... 1077 
Mg(I1) 10-4 96 | 65t 
Co(II) | Ios | 78 | | 9§ 
NaCN 10-3 | | 


* With arginine as the substrate, 64 per cent. 

+ With arginine as the substrate, 84 per cent. 

t With arginine as the substrate, 6 per cent. 

§ Completely reversed by 10-3 mM cysteine or 1074 M dimereaptopropanol with 
eanavanine or arginine as substrate. 
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0.2 to0.4 mM. With lower (0.04 m) buffer concentrations, the reaction was 
much slower and Fe(II) appeared to activate the enzyme. Recrystalliza- 
tion of the phosphate buffer salts from 0.1 per cent aqueous EDTA lowered 
the optimal concentration of phosphate to 0.07 to 0.1 mM and increased the 
apparent activity of the enzyme. With this “purified” buffer, the enzyme 
was not activated by Fe(II). Finally, as shown in Fig. 1, A, the purified 
enzyme displays maximal activity in EDTA buffer, and is not activated by 
Fe(II). These relationships appear to be due to the presence of inhibitory 
metal ions in the untreated phosphate buffer and in the enzyme prepara- 
tion itself that are “bound” by high concentrations of phosphate or of 
EDTA buffer and that can be partially displaced from inhibitory sites on 
the enzyme by the relatively non-toxic (Table III) Fe(II) ion. With the 
recrystallized phosphate buffer, a lower concentration of inhibitory metal 
ions is present and less of this purified buffer suffices to bind them. In 
accord with this view, inhibition of the enzyme by 10-5 m Cu(II) was 
alleviated completely by 0.4 m phosphate buffer and by 0.1 m EDTA buffer. 
The presence of traces of toxic metal ions in the enzyme preparation also 
suffices to explain the apparent activation produced by certain metal- 
binding agents (Table ITI). 

Comparative Activity with Different Substrates—From the similarity in 
the reactions catalyzed, pH optima (Fig. 2), the effects of inhibitors (Table 
III), and the fact that purification of the canavanine desimidase simul- 
taneously concentrates arginine desimidase, it seems likely that the desimi- 
dation of canavanine and that of arginine are catalyzed by the same 
enzyme. K,, values calculated from Lineweaver-Burk plots of three in- 
dependent experiments were 0.56, 1.16, and 1.14 K 10-* m for canavanine 
and 8.8, 4.4, and 3.3 X 10-4 m for arginine. The conditions described 
herein for estimation of activity thus employ suboptimal amounts of cana- 
vanine (10-* mM) as a concession to economy. Under the assay conditions, 
different enzyme preparations have destroyed from 30 to 450 times more 
arginine than canavanine per unit of enzyme; for the purest fraction 
obtained herein (Fraction 5, Table I), this value was 120. The inconstancy 
of this figure is viewed as a reflection of instability in the enzyme and varia- 
tions in experimental conditions rather than as an indication of independent 
enzymes active for the two substrates. As expected from the comparative 
K,, values and the much lower rate of action on canavanine, the latter 
substance inhibits desimidation of arginine competitively (Fig. 4); the 
K, value calculated for canavanine (2.4 K 10-* M) agrees reasonably well 
with the K,, value found with this compound as substrate. The much 
larger amount of enzyme required to permit an observable reaction with 
canavanine as substrate, coupled with the rapid rate of arginine destruc- 
tion, prevented a meaningful converse demonstration of inhibition of cana- 
vanine desimidation by arginine. 
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In Fig. 4. Inhibition of arginine desimidation by canavanine. Assay conditions: 
AS 0.012 unit of enzyme, specific activity 33, in 0.5 ml. of 0.01 mM EDTA buffer, pH 6.25, 
r. was incubated 30 minutes at 37° in the presence (B) or absence (A) of 5 umoles of 
m ecanavanine. Arginine concentrations are in terms of micromoles per 0.5 ml. 

I Tasie 

Comparative Destruction of Canavanine or Arginine by Resting Cells of 

n S. faecalis in Presence or Absence of Glucose* 

e The values are given in micromoles per mg. of cells per 2 hours. 

Canavanine destroyed Arginine destroyed 

Strain of S. faecalis - 

e | + glucose — glucose + glucose — glucose 

: Knivett 0.038 0.0059 | 1.8 1.6 

I 9790 0.049 0.0077 | 1.4 3.5 

; 8043 | 0.054 0.0070 | 1.9 | 5.0 

6057 | 0.0076 | 0.0079 1.4 | 3.5 

10C-1 0.025 <0.0010 | 0.0 | 0.0 


* Cells were cultured for 12 hours in the medium described in the text supple- 
mented with 0.1 per cent sodium acetate and centrifuged out, and washed twice with 
water. Reaction mixtures contained cells, 1 wmole of canavanine or arginine, 0 or 
30 wmoles of glucose, as specified, 100 umoles of phosphate buffer, pH 6.75, in a total 
volume of 1 ml. and were incubated at 37° for 2 hours. The cells were centrifuged 
and 0.5 ml. of the supernatant solution was analyzed. /:xperiments summarized in 
Columns 2 to 4 were conducted with fresh cells equivalent to 5, 100, 0.1, and 0.1 mg., 


respectively, of dry cells per ml. of reaction mixture. 


Desimidation versus Reductive Cleavage As Route for Canavanine Destruc- 
tion in S. faecalis—Reductive cleavage of canavanine to homoserine and 
guanidine was shown previously to be a principal route for canavanine 
destruction by resting cells of S. faecalis 8043 and to require glucose as 
energy source (1). The desimidation reaction described herein is glucose- 
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independent. The importance of the two reactions in resting cells of 
several strains of S. faecalis was compared by incubating these with cana- 
vanine in the presence and absence of glucose. The results (Table IV) 
show that the glucose-independent desimidation reaction (Column 3) 
accounts for not more than about 15 per cent of the total canavanine 
destroyed by cells of S. faecalis Knivett, 9790 and 8043 (Column 2). S. 
faecalis 6057 apparently contains only the desimidase, whereas strain 
10C-1 contains only the glucose-dependent cleavage system. The two 
enzymes, therefore, are independent in their action and distribution. 
Culture 10C-1, which lacks arginine desimidase, also lacks canavanine 
desimidase, and these two activities correlate satisfactorily in the other 
cultures as well. This again indicates the identity of the enzymes responsi- 
ble for desimidation of the two amino acids. Destruction of arginine is 
not increased by glucose; indeed, the desimidation is somewhat inhibited, 
perhaps by the fall in pH that attends incubation of these cells with glu- 


cose. 
DISCUSSION 


Voleani and Snell (14) suggested that the ‘arginine dihydrolase”’ (argi- 
nine desimidase plus citrullinase) of streptococcal cells might act on cana- 
vanine, and explain in part the resistance of some strains of S. faecalis to 
inhibition by this arginine analogue. Subsequently Oginsky and Gehrig 
(2) reported that arginine desimidase of such cells did not attack cana- 
vanine, but was inhibited by it, and Kihara et al. (1) discovered the reduc- 
tive enzymatic cleavage of canavanine as the principal reaction leading 
to its degradation in streptococci. The present findings show that cana- 
vanine does undergo the desimidation reaction, but this is weak compared 
with the corresponding reaction of arginine or the glucose-dependent 
cleavage of canavanine, a fact that explains the previous failure of both 
Oginsky and Gehrig (2) and Kihara et al. (1) to observe the reaction in cell 
suspensions of S. faecalis. To the extent that it occurs in cells, however, 
the desimidation contributes to the destruction of canavanine and hence 
to the detoxification of this product for streptococci. Just as canavanine 
is reductively cleaved to guanidine and homoserine by these cells, so sepa- 
rate qualitative tests indicate that the product of desimidase action on 
canavanine, O-ureidohomoserine, is split by the cells to yield urea and 
homoserine. 

The inhibitory action of canavanine on desimidation of arginine is an 
instance of inhibition by a competitive substrate and the feebleness of 
action of arginine desimidase upon this substrate emphasizes again the 
continuous gradation that exists between substrates of an enzyme on the 
one hand and true competitive inhibitors on the other. 
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SUMMARY 


Cells of Streptococcus faecalis destroy canavanine by a glucose-dependent 
reductive cleavage to yield guanidine and homoserine (1), and also by a 
less active glucose-independent mechanism. ‘The enzymes responsible for 
these reactions are distinct and are distributed independently in strepto- 
coccal cells. The former enzyme system was not obtained in cell-free form; 
the latter is extracted from acetone-dried cells and a procedure for its 
partial purification is described. The purified enzyme catalyzes the hy- 
drolytic desimidation of canavanine to ammonia and O-ureidohomoserine. 
It also catalyzes much more actively the transformation of arginine to 
citrulline and ammonia. The available evidence indicates that both 
reactions are catalyzed by the one enzyme, arginine desimidase. K,, values 
for canavanine and for arginine are approximately 1.0 * 10-*° and 5.0 X 
10-4 M, respectively. The rate of arginine desimidation is over 35 times 
that of canavanine desimidation; consequently canavanine is an effective 
competitive inhibitor of arginine desimidation. pH optima for the two 
substrates are similar; the enzyme is inhibited by heavy metals and by 
p-chloromercuribenzoate, but not by carbonyl reagents or metal-binding 
agents. The product of its action on L-canavanine, O-ureido-L-homo- 
serine, was isolated and characterized by analysis and hydrogenolysis to 
urea and homoserine. Synthesis in low yield of O-ureido-pL-homoserine 
from DL-canaline is described. 
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A SIMPLE METHOD FOR THE ISOLATION AND PURIFICATION 
OF TOTAL LIPIDES FROM ANIMAL TISSUES* 


By JORDI FOLCH, M. LEES,f ann G. H. SLOANE STANLEY 


(From the McLean Hospital Research Laboratories, Waverley, and the Department 
of Biological Chemistry, Harvard Medical School, Boston, Massachusetts) 


(Received for publication, August 23, 1956) 


Work from this laboratory resulted in the development of a method for 
the preparation and purification of brain lipides (1) which involved two 
successive operations. In the first step, the lipides were extracted by 
homogenizing the tissue with 2:1 chloroform-methanol (v/v), and filtering 
the homogenate. In the second step, the filtrate, which contained the 
tissue lipides accompanied by non-lipide substances, was freed from these 
substances by being placed in contact with at least 5-fold its volume of 
water. This water washing entailed the loss of about 1 per cent of the 
brain lipides. | 

This paper describes a simplified version of the method and reports the 
results of a study of its application to different tissues, including the effi- 
ciency of the washing procedure in terms of the removal from tissue lipides 
of some non-lipide substances of special biochemical interest. It also re- 
ports some pertinent ancillary findings. The modifications introduced 
into the method pertain only to the washing procedure. A chloroform- 
methanol extract of the tissue, prepared as described in the original version 
of the method, is mixed with 0.2 its volume of water to which, for certain 
purposes, different mineral salts may be added. A biphasic system with- 
out any interfacial fluff is obtained (2). The upper phase contains all of 
the non-lipide substances, most of the strandin, and only negligible amounts 
of the other lipides. The lower phase contains essentially all the tissue 
lipides other than strandin. In comparison with the original method, the 
present version has the advantage of being simpler, of being applicable to 
any scale desired, of substantially decreasing the losses of lipides incidental 
to the washing process, and, finally, of yielding a washed extract which 
can be taken to dryness without foaming and without splitting of the 
proteolipides (3). 

* This work has been aided by grant No. B-130 from the United States Public 


Health Service. 
t Fellow of the American Cancer Society, 1951-53. 
t Eli Lilly Traveling Fellow in Medicine, 1953-55. 
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Procedure 


Reagents— 

Chloroform. Reagent grade. 

Methanol. Reagent grade. For use with tissues relatively poor in lip- 
ides, such as muscle or blood plasma, both the chloroform and methanol 
must be redistilled. 

Chloroform-methanol mixture. 2:1 by volume. 

Pure solvents upper phase and pure solvents lower phase. Chloroform, 
methanol, and water are mixed in a separatory funnel in the proportions 
8:4:3 by volume. When the mixture is allowed to stand, a biphasic sys- 
tem is obtained. ‘The two phases are collected separately and stored in 
glass bottles. It has been found that the approximate proportions of chloro- 
form, methanol, and water in the upper phase are 3:48:47 by volume. 
In the lower phase, the respective proportions are 86:14:1. Either of the 
phases may be prepared directly by making use of the above proportions. 

Pure solvents upper phase containing 0.02 per cent CaClz, 0.017 per cent 
MgCl, 0.29 per cent NaCl, or 0.37 per cent KCl. These solutions can be 
prepared in one of two ways. One is to shake the appropriate amount of 
salt with pure solvents upper phase in a glass-stoppered vessel until solution 
is complete. ‘The other is to proceed as for the preparation of pure solvents 
upper and lower phases except that, instead of water, 0.04 per cent aqueous 
CaCl, 0.034 per cent aqueous MgClo, 0.58 per cent aqueous NaCl, or 0.74 
per cent aqueous KCl is used. 

Extraction of Lipides—' or the purposes of this description, the volume 
of a tissue sample will be computed on the assumption that the tissue has 
the specific gravity of water; z.e., the volume of 1 gm. of tissueis] ml. The 
tissue or tissue fraction is homogenized with 2:1 chloroform-methanol mix- 
ture (v/v) to a final dilution 20-fold the volume of the tissue sample; 7.c., 
the homogenate from 1 gm. of tissue should be diluted to a volume of 20 
ml. For amounts of tissue up to 1 gm., the homogenization is carried out 
in a Potter-Elvehjem type of homogenizer, the tube of which has been 
weighed, and calibrated at the volume of the final dilution of the particular 
tissue homogenate. Thus, the tissue sample can be weighed and the ho- 
mogenate diluted to volume without a transfer. For brain or tissues ot 
similar consistency, 3 minutes suffice for complete homogenization. 
Tougher tissues will require lengthier homogenization, and some organs 
rich in connective tissue, e.g. peripheral nerve, may require special handling 
such as grinding with a mortar and pestle at the temperature of dry ice 
before homogenization with the solvent mixture. For amounts greater 
than 1 gm., the tissue is homogenized in an adequate blendor with about 
a 17-fold volume of solvent mixture; the balance of solvent mixture re- 
quired to dilute the homogenate to final volume is used to insure the quan- 
titative transfer of the homogenate into a volumetric flask. After tem- 
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perature equilibration and final volume adjustment, the homogenate is 
filtered through a fat-free paper into a glass-stoppered vessel. For the 
purposes of computation, this extract corresponds to 0.05 its volume of 
tissue; 7.e., | ml. of extract corresponds to 0.05 gm. of tissue. 

Washing of Crude Extract—The crude extract is mixed thoroughly with 
(0.2 its volume of either water or an adequate salt solution (see “‘Experi- 
mental’), and the mixture is allowed to separate into two phases, without 
interfacial fluff, either by standing or by centrifugation. ‘The volumes of 
the upper and lower phases are, respectively, 40 and 60 per cent of the total 
volume of the system. As much of the upper phase as possible is removed 
by siphoning, and removal of its solutes is completed by rinsing the inter- 
face three times with small amounts of pure solvents upper phase in such 
a Way as not to disturb the lower phase. Finally, the lower phase and 
remaining rinsing fluid are made into one phase by the addition of meth- 
anol, and the resulting solution is diluted to any desired final volume by 
the addition of 2:1 chloroform-methanol mixture. 

The procedure can be run on any scale that is otherwise technically feasi- 
ble, and the actual details of operation will vary according to the amount 
of extract being washed. For instance, if 10 ml. of crude extract are to be 
washed, the extract is placed in a 15 ml. centrifuge tube. To it are added 
2 ml. of either water or salt solution, the two liquids are mixed with a stir- 
ring rod, the rod is then rinsed into the tube with a minimal amount of pure 
solvents lower phase, and the tube is capped with aluminum foil and centri- 
fuged until complete separation of the system into two phases without any 
interfacial fluff is obtained. The duration of centrifugation varies from 
about 20 minutes at 2400 r.p.m. for white matter extracts to a very short 
time for blood plasma. The volumes of the upper and lower phases are 
4.8 and 7.2 ml., respectively. The upper phase is removed as completely 
as possible with a pipette or with a suction arrangement such as the one 
described by Van Slyke and Rieben (4). Next, the inside wall of the tube 
is rinsed with about 1.5 ml. of pure solvents upper phase, which are allowed 
to flow gently from a pipette so that the washing fluid collects on top of 
the lower phase without any mixing of the two phases. The tube is ro- 
tuted gently to insure mixing of the rinsing fluid with the remaining original 
upper phase, and the mixture is removed. This rinsing of the tube wall 
and interphase with pure solvents upper phase is repeated twice. Finally, 
the lower phase is diluted to a volume of 10 ml. as outlined above. With 
tissues poor in proteolipides, e.g. muscle, plasma, and liver, or if time is no 
object, centrifugation may be omitted from the washing procedure. In- 
stead, the extract plus water mixture can be allowed to separate into two 
phases by prolonged standing. In that case, it is more convenient to carry 
out the washing in glass-stoppered cylinders. 

Permissible Departures from Procedure Vhe technique deseribed can be 
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changed in many details if so indicated by the size and nature of the tissue 
sample or by the particular problem under study. Thus, if necessary, in 
the preparation of the crude extract, the tissue homogenate can be diluted 
to more than 20-fold the volume of tissue. Also, centrifugation can be 
used in preference to filtration as a means of obtaining a clear extract. 
Centrifugation of the homogenate itself is unsatisfactory because the spe- 
cific gravity of the solvent mixture is too close to the density of the sus- 
pended material. Therefore, if centrifugation is to be used, it is necessary 
to lower the specific gravity of the homogenate by the addition of methanol. 
Usually, the addition of 0.2 its volume of methanol suffices for the purpose. 
The amount of methanol added must be noted. 


In the washing procedure described, chloroform, methanol, and water are _ 
present in the system tissue extract plus water in the proportions 8:4:3 | 


by volume, as can be computed if account is taken of the fact that the 
extract contains all the water from the tissue. These proportions are 
critical and must be kept constant. Therefore, in cases in which the tissue 
extraction has been substantially changed, it is necessary to modify the 
washing procedure in a way that will restore the required proportions of 
solvents. For instance, if the homogenate has been diluted to 40-fold the 
volume of tissue, the water contributed to the extract by the latter will be 
half as much as in the standard 20-fold dilution; 7.e., it will be 2 per cent 
of the extract as compared to the usual 4 per cent. Therefore, the amount 
of water added to the extract for washing should be 22 per cent instead of 
the usual 20 per cent. If methanol has been added to the extract, twice 
as much chloroform must also be added and the amount of water adjusted 
accordingly. 


EXPERIMENTAL 


Analytical Methods—Most of the methods used in this study have been 
described elsewhere (3, 5). 

Degree of Completeness of Extraction of Tissue Lipides—Earlier work had 
shown that the extraction procedure removes all lipides from brain (1) and 
blood plasma (6), with the exception of a specific fraction of lipides which 
is combined to tissue proteins by a linkage which withstands the action 
of neutral solvents. In the present study, the completeness of extraction 
of lipides from liver and muscle was studied by reextracting the residue with 
hot solvent and determining the amount of lipides in the second extract. 
The original extraction can be considered complete if the second extract 
contains no more lipides than can be accounted for by the aliquot of first 
extract left wetting the residue. The experiment was carried out as fol- 
lows: The tissue was homogenized with chloroform-methanol as described, 
and the homogenate filtered through a previously weighed Biichner funnel. 
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filtration being stopped before the insoluble residue became dry. The 
filter was weighed again and the weight of the wet residue it contained was 
computed by difference. Next, the residue was reextracted with a new 
portion of solvent mixture by boiling under reflux for 24 hours, the sus- 
pension was filtered, and the twice extracted residue collected and dried to 
constant weight. The amount of first extract left wetting the tissue residue 
could then be computed from the equation, ml. of extract in residue = 
(weight of wet residue after first extraction minus weight of dried residue) /- 
(specific gravity of first extract). In the case of liver, 40 gm. of tissue were 
extracted as outlined above in succession with 760 ml. and 400 ml. of solvent 
mixture. The first extract contained 2.46 mg. of lipides per ml., while 
28.8 ml. of extract with a computed total lipide content of 71 mg. were left 
in the residue. The second extract contained a total of 69 mg. of lipides; 
i.e., the amount to be expected from the aliquot of the first extract in the 
residue. In an identical experiment with muscle tissue, the first extract 
contained 0.743 mg. of lipides per ml., while 24.3 ml. of extract with a total 
lipide content of 18.1 mg. were left wetting the residue. The second ex- 
tract contained a total of 21.6 mg. of lipides; 7.e., 3.5 mg. more than were 
to be expected from the aliquot of the first extract remaining in the residue. 
This difference, which amounts to <0.5 per cent of total tissue lipides, 
cannot be considered significant. 

Study of Washing Procedure—The washing procedure has been studied 
by (a) determining the amount of lipides lost during the washing, (b) de- 
termining the amount of non-lipide substances remaining in the lower 
phase, (c) investigating an effect of certain non-lipide substances upon the 
distribution of lipides between the two phases formed during the washing 
procedure, (d) determining the effect of mineral salts on the distribution 
of lipides in this particular biphasic system, and finally (e) ascertaining the 
efficiency of the washing procedure in relation to some substances of im- 
portance in metabolic studies by the use of radioisotopes. 

Loss of Lipides Incidental to Washing Procedure and Degree of Removal 
of Non-Lipide Contaminants—Since lipides are undialyzable, the amount 
of undialyzable substances in the upper phase would represent the maximal 
amount of lipides lost, and the dialyzable substances would, of necessity, 
represent non-lipide contaminants. In a typical experiment, 175 ml. of 
brain white matter extract were washed with 35 ml. of water. The upper 
phase, which had a volume of 84 ml., was collected quantitatively. The 
lower phase was equilibrated with 84 ml. of pure solvents upper phase, and 
the resulting second upper phase was collected. Both upper phases were 
concentrated to dryness by vacuum distillation of the solvents, the residues 
were each dissolved in 10 ml. of water, and the solutions were dialyzed ex- 
haustively. The dialyzable and undialyzable fractions thus obtained were 
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dried and analyzed. The solutes in the undialyzable fractions were com- 


pletely soluble in chloroform-methanol, indicating that they were all lipides. © 


The pertinent results are given in Table I. Thus, the values for the first — 


upper phase show that no more than 0.3 per cent of the tissue lipides other | 


than strandin was lost in the washing. Also, since the second upper phase | 


contained only negligible amounts of dialvzable substances, the conclusion — 


is warranted that, after one washing, the lower phase is essentially free — 
from non-lipide substances. The same type of experiment has been carried | 
out with white matter, gray matter, liver, and muscle, with the results — 


given in Table IT. In all the tissues studied, one washing was found suffi- 


TABLE I 


Distribution of Solutes in CHCl3:CH;OH Extract of Brain White Matter 
between Subsequent Fractions 


Yield as % total 
Yield, mg. solutes in 
crude extract 


. Total solutes in extract . 2000.0 


1 

2. Ist upper phase; total solutes... | 95.85 4.79 
| 81.5 | 4.07 
4. Undialyzable solutes (lipides + strandin)........ | 14.35 0.72 
5. Strandin in undialyzable fraction................. 7.75 =| 0.39 
6. Lipides other than strandin (4) — (5)............. 6.6 | 0.33 
7. 2nd upper phase; total solutes................... 46.7 2.33 
9. Undialyzable solutes (lipides + strandin)......... 45.0 2.25 
10. Strandin in undialyzable fraction................. 4.6 0.23 
11. Lipides other than strandin (9) — (10).......... 40.4 2.02 
12. Final lower phase; total solutes................... 1855.0 92.75 
13. Total pies ines strandin (4) + ® + (12). 1914.4 95.72 


cient for removing all the non-lipide contaminants from the crude extract. 
In the case of gray matter, lipides other than strandin lost in the course of 
the first washing amounted to no more than 0.6 per cent of the tissue lip- 
ides; for liver and muscle, the values were somewhat higher, ranging up to 
2 per cent. 

Recognition of Lipide Distribution-Altering Factor—It can be seen from 
Table II that the second upper phases contained more lipides than the 
corresponding first upper phases. This unexpected finding was investi- 
gated by preparing in duplicate six successive upper phases from aliquots 
of white and gray matter extracts, as described above. The lipides from 
each phase were recovered and analyzed (Table III). It was found in 
both cases that the amount of lipides increased markedly from the first to 
the second upper phase; it remained unchanged from the second to the 


| 
| - 


J. FOLCH, M. LEES, AND G. H. SLOANE STANLEY 503 


third, and then decreased from the third through the sixth by a fairly con- 
stant factor which corresponded to the distribution of a group of lipides 
exhibiting a distribution coefficient of about 2.7 in favor of the lower phase. 
The negligible amount of lipides in the first upper phase could be explained 
only by assuming that some unknown ‘distribution coefficient altering” 
factor had been in operation in the washing of the original extract. The 


TABLE II 


Lipide and Non-Lipide Substances Removed by First and Second Washings of 
Total Lipide Extracts of Various Tissues 


ist upper phase | 2nd upper phase 
Tissue Non-lipide | ‘Non-lipide 
substances Lipides other than substances Lipides other than 
(dialyzable strandin (dialyzable strandin 
| solutes) | | solutes) 
| | mg. per per cent 
| Fresh tissue | fresh siseme |" gm: fresh tissue fissme 
White matter 8.3 , 0.70 | 0.31 0.27 4.1 1.85 
0.55 3.5 1.58 
| | | 0.19 | 4.6 2.11 
| 9.2 {| 0.69 | 0.32 0.18 4.7 2.18 
Gray matter 10.3 | 0.47 # 0.56 0.35 1.5 1.82 
10.2. 0.47 0.57 0.27 1.7 2.06 
11.4 0.21 0.31 0.8 1.19 
| 11.9 0.44 0.65 | 0.05 | 0.9 | 1.34 
Liver 0.62 1.4 | 0.04 1.9* 4.38* 
0.54 1.2 0.11 3.92* 
19.0 1.02* 2.0* 0.41 1.6* 3.25* 
18.8 1.17* 2.4* 0.39 1.6* 3.25* 
Muscle 13.6 0.26* 1.8* 0.13 0.31* 2.08* 
13.9 0.28* 1.9* 0.17 0.36* 2.41* 


* Lipides, including strandin. 


effect of this factor was still evident in the second equilibration, most likely 
because of contamination of the system by first upper phase. 

The lipides from white matter upper phases 3 through 6 were pooled and 
unalyzed, in per cent: 8 1.4, P 1.9, N 1.5, NHe-N 0.54, a-amino acid N 0.54, 
carbohydrate, as galactose, 7.9, 8 + P/N atomic ratio 0.98, atoms S per 
moles of galactose 1.00, choline none. Thus, the lipides affected by the 
distribution-altering factor consisted of a mixture of 40 per cent sulfatides, 
35 per cent phosphatidyl serine, and 25 per cent other phosphatides; 7.e., 
they were mainly, if not exclusively, acidic lipides. 

Identification of Lipide Distribution-Altering Factors—The observed facts 
might be explained by assuming that the distribution of water, chloroform, 
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and methanol between the two phases had changed significantly between 
the first and subsequent equilibrations. This possibility was investigated 
by determining the volume and the specific gravity of both phases through 
the procedure of preparation of six upper phases (see above). No changes 
were observed. Thus, it can safely be assumed that the composition of 
the phases had remained essentially constant. 


TABLE III 


Lipides Present in Successive Upper Phases of System 175 M1. of 
CHC1;:CH;0H Extract Plus 35 M1. of Water 
White matter lipides other than | Gray matter lipides other than 
strandin strandin 
Upper phases 


Yield P content Yield | P content 


-——| 
mg. per 175 ml. mg. per 175 ml. 


fissue extract per lissue extract per cont 
lu* 6.1 2.32 4.1 2.72 
Ib* 4.5 2.82 4.1 2.96 
2a 35.8 2.42 13.2 2.54 
2b 30.1 2.69 14.7 2.54 
3a 38.5t 1.67 13.44 2.36 
3h 33.27 1.98 12.47 2.50 
da 25.67 2.01 9. OF 2.61 
4b 24.87 2.01 9.17 2.67 
20.07 2.06 7.77 2.47 
5b 18.0T 2.14 9.37 2.54 
6a 11.07 2.10 3.47 | 2.40 
6b 13.04 1.98 5.14 | 2.70 


* Upper phases a and b refer to duplicate experiments. 

+ Strandin estimations were not carried out on lipides from these phases. Thus 
values given for total lipides include strandin, but the amounts of strandin present 
are negligible. 


Another explanation could be that the factor was one or more of the 
solutes in the crude extract which would be removed by the washing pro- 
cedure, and therefore would be found in the first upper phase. This was 
shown to be the case by the following type of experiment. A stock of 
lower phase was prepared by washing crude white matter extract once 
with water. The solutes from the upper phase were recovered. Identical 
aliquots of lower phase were mixed with equal volumes of pure solvents 
upper phase. Different amounts of first upper phase solutes were added 
to some of the mixtures. After centrifugation, the upper phases were 
analyzed for P content, which had been shown to be a reliable indicator of 
the total amount of lipides present. It was found that the amount of 
lipides in the upper phases was decreased by the presence of the added 
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solutes in proportion to the logarithm of the concentration (Fig. 1), an 
observation which provided a means for measuring the distribution-altering 
effect. of any material. Thus, it was possible to trace this effect quantita- 
tively from the first upper phase solutes to their dialyzable fraction and to 
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Fig. 1. Effect of solutes from the upper phase of the biphasic system white matter 
chloroform-methanol extract plus 0.2 its volume of water on the distribution of lip- 
ides between the two phases of a system of identical solvent composition. 

Fig. 2. Effect of different salts on the distribution of lipides between the two 
phases of the same solvent composition as those obtained from the system white 
matter chloroform-methanol extract plus 0.2 its volume of water; O, KCl; X, NaCl; 
@, MgCl.; A, CaCls. 


Or 


the ash therefrom; 7.e., the effect was caused by the mineral salts present 
in the crude extract. 

By the same procedure, the distribution-altering effect of different con- 
centrations of NaCl, KCl, CaCl., and MgCl. was determined (Fig. 2). It 
was found that virtual absence of lipides from the upper phase could be 
obtained by the addition to it of CaCl. or MgCle at a concentration of 
0.003 x, or of NaCl or KCl at a concentration of 0.05 Nn. 

Comparison between Amounts of Lipides Lost upon Washing with Water or 
with Mineral Salt Solutions—This comparison has been made by washing 
crude extracts of various tissues in parallel with either water or aqueous 
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solutions of different salts at various concentrations, and determining the 
amount of lipides in the first upper phase. Table IV gives the comparative 
data for water and for 0.05 per cent CaCl, which result in a concentration 
of Ca* in the upper phase of 3.8 m.eq. per liter. It can be seen that the 
use of the latter decreases the loss of lipides incidental to the washing. In 
cases in which the use of CaCl. is contraindicated, as when an insoluble 
Ca salt might be formed, a similar result can be obtained with 0.04 per cent 


TABLE IV 


Amounts of Lipides Removed from Lower Phase in 
Presence and Absence of Added Ca** 


Lipides in Ist upper phase expressed as mg. per gm. fresh tissue 
Tissue In absence of added Ca** In presence of added Ca** 
White matter 0.78 0.70 0.44 0.27 
0.74 | 0.51 0.41 ().28 
0.90 } 0.74 0.32 0.13 
0.91 | 0.69 0.33 0.18 
Garay matter 3.0 0.47 | 1.95 0.24 
2.4 | 0.47 | 1.15 0.13 
3.6 0.38 ! 1.90 0.25 
Liver | 0.19 | 0.62 ) 0.12 0.28 
| 0.09 0.20 
1.02* | 0).52* 
1.17* 0).54* 
Muscle | 0.26* | 0.14* 
| 0.28* 0.04* 


* Lipides including strandin. 


MegCh, 0.73 per cent NaCl, or 0.88 per cent KCl. The procedure is ex- 
actly as described for water. 

Study of Efficiency of Repeated Washing—While one washing is sufficient 
to purify lipides for the usual analytical purposes, in the case of metabolic 
studies involving the use of substances labeled with radioisotopes, it is often 


necessary to free lipides from non-lipide contaminants possessing specific | 


activities 1000-fold or more that of the lipides. Such a degree of purifica- 
tion can be reached by equilibrating the lower phase repeatedly with por- 
tions of pure solvents upper phase containing salt. The procedure is as 
follows: The crude extract is washed with water or with an appropriate 
salt solution, as already described. After quantitative removal of the 
upper phase, a portion of pure solvents upper phase containing the appro- 
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priate salt is added, the two phases are stirred, and the tube is capped. 
After centrifugation, the upper phase is removed quantitatively. The 
equilibration with fresh portions of pure solvents upper phase containing 
mineral salt is repeated as many times as is indicated by ad hoc experiments 
of the type reported below. 

A study of the efficiency of repeated washings has been carried out in 
collaboration with Dr. Manfred Karnovsky of the Biophysics Laboratory 
of Harvard Medical School. 2 mg. samples of a C'- or P®-labeled com- 
pound were dissolved in 0.1 ml. of water and added to 10 ml. of a crude 
liver lipide extract. The level of activity ranged between 0.5 X 10® and 
1.0 X 10° ¢.p.m. per 10 ml. of extract. The extracts were washed repeat- 
edly as described above, aliquots of the lower phase were taken after each 


V 
Extent of Removal of Added Substances by Repeated Washing of Lipide Extract 


Amount remaining in lower phase after 


Labeled substance added Ist washing 2nd washing | 3rd washing | 4th washing 
i 


Per cent original added radioactivity 


Glycerol. . . 4.3 0.7 0.4 0.31 
Glucose. . 0.8 0.16 0.09 0.07 
Sodium acetate ey 1.1 0.12 0.09 0.06 
Choline, no CaCl. added. . 16.2 7.3 4.5 2.0 

CaCl. added. 2.4 0.2 0.1 
Serine... 0.006 0.007 0.007 
Sodium phosphate, monobasic...... | 0.26 | 0.08 0.09 | 


washing, and the amount of radioactive test substance remaining in the 
lower phase was estimated by counting in a gas flow counter in the pro- 
portional range (7, 8). Glycerol, glucose, acetate, choline, serine, and 
phosphate have been studied in this way. It can be seen from Table V 
that, while the repeated washing procedure is highly effective, the rate of 
removal of the different substances in the successive washings does not 
follow a theoretical decrement line, with the possible exception of serie 
and glycerol in the first two washings. The difference in the behavior of 
choline in the presence and absence of added CaCl, suggests that choline 
forms salts with acidic lipides in amounts determined by competition with 
other bases present. 

Behavior of Strandin in This Procedure—The distribution of strandin 
between the two phases is affected by the addition of mineral salts to the 
upper phase, especially by CaCl. (Table TV). The effect of KCl is much 
less marked, and even at KCl concentrations that result in the essential 
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absence of acidic lipides from the upper phase the bulk of strandin is present 
in the first upper phase. The observations of Svennerholm (9) on the 
effect of NaCl on the distribution of gangliosides, which most likely in- 
cluded strandin, suggest that the action of NaCl is similar to that of KCl. 
In summary, the use of KCl or NaCl in this procedure affects the distribu- 
tion of strandin only slightly. To eliminate strandin from the lower phase 
completely, three washings with the appropriate salt solutions should suf- 
fice. ‘To isolate strandin, the three washings are combined, concentrated 
almost to dryness, and dialyzed. Strandin will be found quantitatively 
in the undialyzable fraction. 
| DISCUSSION 

The present work started as an attempt to modify the original procedure 
of washing crude lipide extracts with water. In a survey of possible alter- 
natives, crude brain white matter extract and water were mixed in var- 
ious proportions. Most mixtures resulted in emulsions which were hard 
to separate or were inseparable. The exception was a mixture obtained 
by adding to the extract 0.2 its volume of water, which, upon standing or 
by centrifugation, separated into two clear phases without the persistence 
of any interfacial fluff. Investigation of the two phases showed that the 
upper phase contained practically all of the non-lipide substances and only 
negligible amounts of lipides, the lower phase thus representing a solution 
of essentially pure total tissue lipides. Further study revealed that the 
high efficiency of the washing procedure depended upon the presence, in 
the system crude extract plus water, of chlorides of Na, K, Ca, and Mg, 
which had been extracted from the tissue by the chloroform-methanol 
mixture and which altered the distribution of acidic lipides between the 
two phases of the system and practically eliminated them from the first 
upper phase. 

A possible explanation for the lipide distribution-altering effect of the 
mineral salts is that the acidic lipides, which are extracted from the tissue 
as salts of Na, K, Ca, and Mg, are present in the upper phase partly in 
the dissociated forms and in the lower phase only as undissociated salts. 
The addition of mineral salts containing the above cations would decrease 
the dissociation of the acidic lipides by a mass action effect with a conse- 
quent shift of lipides to the lower phase, the mineral salts remaining quan- 
titatively in the upper phase. A necessary corollary to this hypothesis 
would be that the various cations displace one another from combination 
with the lipides. A study of the interaction between these lipides and 
mineral salts, the details of which will be published elsewhere, supports 
the above hypothesis. 

It will be noted that the addition of CaCl, to the water used in the first 
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washing significantly reduces but does not completely eliminate the loss 
of lipides (Table IV); in subsequent washings the presence of the same 
concentration of CaCl. in the system results in the essential absence of 
lipides from the upper phase (Fig. 2). This need not imply an inconsist- 
ency in the action of CaCl, but suggests the presence in the crude extract 
of a small amount of a lipide fraction which is preferentially soluble in 
the upper phase and whose partition is not affected by the presence of min- 
eral salts. This fraction would be removed by the first washing. 


SUMMARY 


1. A simple method for the preparation of total pure lipide extracts 
from various tissues is described. The method consists of homogenizing 
the tissue with a 2:1 chloroform-methanol mixture and washing the ex- 
tract by addition to it of 0.2 its volume of either water or an appropriate 
salt solution. The resulting mixture separates into two phases. The 
lower phase is the total pure lipide extract. 

2. The washing procedure removes essentially all the non-lipide con- 
taminants from the extract with a concomitant loss of about 0.3 per cent 
of the tissue lipides in the case of white matter and about 0.6 per cent in 
the case of gray matter. Even these small losses of lipides can be reduced 
by the addition of a definite amount of certain mineral salts. 

3. The efficiency of the washing procedure depends upon the presence 
of mineral salts in the crude extract. These salts alter the distribution of 
lipides and practically eliminate them from the upper phase. In the ab- 
sence of salts, substantial amounts of acidic lipides are present in the upper 
phase and would be lost during washing. 

4. The advantages and limitations of this procedure have been estab- 
lished for brain gray and white matter, for liver, and for muscle. 
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The conversion of the essential amino acid, phenylalanine, to tyrosine 
not only serves as a synthetic route for tyrosine formation, but also is be- 
lieved to be an obligatory step in the catabolism of phenylalanine in mam- 
malian organisms (1). Of added interest is the fact that this step is at least 
partially blocked in the disease, oligophrenia phenylpyruvica (2). Al- 
though the formation of tyrosine from phenylalanine had been demon- 
strated in vitro as early as 1913 (3), the details of the reaction have never 
been elucidated. 

In 1942, Lang and Westphal described the preparation of an extract from 
dog liver which showed a stimulation in oxygen uptake in the presence of 
phenylalanine (4). The activity of the extract was extremely unstable 
and very little was learned about the system. 2 years later, with use of 
liver slices, the conversion of phenylalanine to a hydroxylated compound, 
which was probably tyrosine, was reported. However, upon disruption 
of the cells (5) the activity was lost. More recently, Udenfriend and 
Cooper (6) described the preparation of a soluble system from rat liver 
which was capable of catalyzing the conversion of phenylalanine to tyrosine. 
They reported that DPN* and an alcohol or aldehyde were required for 
enzymatic activity.! 

The present report describes the preparation and partial purification of 
an enzyme system from liver which catalyzes the hydroxylation of pheny]- 
alanine to form tyrosine. The system has been separated into two enzyme 
fractions neither of which is active by itself. A requirement for TPNH 
and oxygen has been demonstrated. Balance studies indicate that the 
reaction catalyzed by this series of enzymes can be formulated as follows: 


(1) TPNH + H?* + O,2 + phenylalanine — TPN* + H.O + tyrosine 


In support of this formulation, a phenylalanine-dependent oxidation of 
TPNH has been demonstrated spectrophotometrically. 


1 The following abbreviations are used: DPN* and DPNH, diphosphopyridine 
nucleotide and reduced diphosphopyridine nucleotide; TPN* and TPNH, triphos- 
phopyridine nucleotide and reduced triphosphopyridine nucleotide; FMN, ribo- 
Havin phosphate (flavin mononucleotide); FAD, flavin adenine dinucleotide; Tris, 
tris( hydroxymethyl )aminomethane. 
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Isolation of Enzyme System 


Enzyme Assay——The enzyme activity was assaved by determining the 
rate of tyrosine formation by a modification (7) of the color reaction of 
Thomas (8). The assay system contained the following components (in 
micromoles): potassium phosphate buffer, pH 6.8, 100; L-phenylalanine, 
4; TPNt, 0.12; glucose, 75; an excess of glucose dehydrogenase; and the 
enzyme to be assayed. The final volume was 1.0 ml. and the temperature 
was 25°. After incubation with shaking in open test tubes for 30 minutes, 
the reaction was stopped by the addition of 2 ml. of 12 per cent trichloro- 
acetic acid. The denatured protein was removed by centrifugation and 
tyrosine was determined in a suitable aliquot of the supernatant fluid. 
In the early work, a rat liver extract which had been boiled for 1 minute 
was routinely included in the assay. Occasionally, tyrosine formation 
was measured by iodination, by a method to be described in a later section. 
Zero time controls, in which trichloroacetic acid was added prior to any 
enzymes, were always included and corrections were applied when required. 
1 unit is defined as the amount of enzyme which catalyzes the formation of 
0.1 umole of tyrosine in 30 minutes under the conditions of the assay. 

Protein was determined spectrophotometrically by measuring the absorp- 
tion of light at wave lengths 280 and 260 my with a correction for the 
nucleic acid content from the data given by Warburg and Christian (9). 

When extracts of livers from various animals? were assayed with the 
system just described, it was found that rat liver extracts had the highest 
activity. When a preliminary fractionation of such extracts was carried 
out with ammonium sulfate between 0 and 40 per cent saturation and 40 
and 80 per cent saturation, it was found that both fractions were required 
for full activity. On reexamining the liver extracts from other animals, 
it was found that sheep liver extracts, although lacking the over-all ac- 
tivity, could replace the upper ammonium sulfate fraction from the rat 
liver extract. Sheep liver extracts thus provided a convenient source of 
this enzyme, which was apparently not contaminated with the activity in 
the lower ammonium sulfate fraction. When the rat enzyme was assayed, 
an excess of the sheep enzyme was included. When the sheep enzyme was 
assayed, an excess of the rat enzyme was used and, to conserve the rat 
enzyme, the time of incubation was increased to 45 minutes. 1 unit of 
sheep activity therefore is based on a 45 minute assay in contrast to the 


? Liver extracts from the following animals were tested: pig, horse, beef, sheep, 
chicken, rabbit, guinea pig, and hamster. Usually several different methods of ex- 
traction were tried. The only extract besides the one from rat liver which showed 
some activity was that from rabbit liver. It should be pointed out that, if tyrosine 
is oxidized more rapidly than it is formed under the conditions used, the extract 
would appear to be inactive. 
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unit for the rat activity which is based on a 30 minute assay. Under the 
conditions of the assay with excess of sheep enzyme, the rate of formation 
of tyrosine is proportional to the concentration of the rat enzyme and, 
with the rat enzyme in excess, it is proportional to the concentration of the 


sheep enzyme. 


Purification of Rat Liver Enzyme 


Extraction—All of the steps in the purification of both the rat and the 
sheep liver enzyme were carried out in the cold at 2—4° unless specified 
otherwise. All additions of ammonium sulfate and ethanol took about 
30 to 40 minutes, with an equilibration period of 20 minutes after the 
addition. Mechanical stirring was used during all additions. Ammonium 
sulfate precipitates were collected by centrifugation for 20 minutes at 18,000 
< g and ethanol precipitates were generally obtained by centrifugation 
for 15 minutes at 4000 X g. The fractionation procedures may be inter- 
rupted at any point, the fraction being stored at — 15° until ready for the 
subsequent steps. Rats were killed by a blow on the head and the livers 
were quickly removed and placed in cold water. After being blotted to 
remove the excess water, the livers were weighed, cut up with scissors into 
small pieces, and blended in a Waring blendor for 30 seconds with 1.5 
volumes of cold 0.01 mM acetic acid. The blendor was run at one-half to 
one-third full speed, being controlled with a rheostat. Another 1.5 volumes 
of 0.01 Mm acetic acid were added and the blending was continued for another 
30 seconds at somewhat lower speed. Prolonged blending or blending at 
top speeds leads to severe losses in the activity. The homogenate was 
centrifuged at 18,000 X g for 45 minutes and the sediment was discarded. 

Ethanol Fractionation—The clear extract was fractionated with ethanol 
cooled to —30° to —40°. Two fractions were collected, one between 0 
and 10 and the other between 10 and 21 per cent ethanol by volume. The 
bulk of the activity was found in the second fraction. The precipitate 
from this fraction was dissolved in about one-fourth the original volume 
of 0.033 mM potassium phosphate buffer, pH 7.4. 

First Ammonium Sulfate Fractionation—20.3 gm. of solid ammonium 
sulfate were added to each 100 ml. of the alcohol fraction. The mixture 
was then centrifuged and the precipitate was discarded. 5.60 gm. of 
ammonium sulfate were then added for each 100 ml. of original solution. 
After centrifugation, the precipitate was dissolved in 0.033 mM potassium 
phosphate buffer, pH 7.4, equivalent to about one-fourth the volume of the 
starting ethanol fraction. 

Second Ammonium Sulfate Fractionation— The first ammonium sulfate 
fraction was diluted with 0.033 mM potassium phosphate buffer, pH 7.4, so 
that the protein concentration was 18 to 19 mg. per ml. and 18.2 gm. of 
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ammonium sulfate were added to each 100 ml. of diluted solution. The 
mixture was centrifuged and the precipitate was saved. 4.9 gm. of am- 
monium sulfate were added for each 100 ml. and the mixture was centri- 
fuged as before. The precipitate was dissolved in 0.033 Mm _ potassium 
phosphate buffer, pH 7.4. Although the low ammonium sulfate fraction 
does not have a high specific activity, it almost always shows a complete 
dependence upon the sheep enzyme and is therefore useful for assaying 
the sheep activity during the purification of that enzyme. 

An outline of the purification of the rat liver enzyme is given in Table I; 
about a 12-fold purification is achieved by the procedure. At each step 
some losses in activity were observed on storage of the fraction prior to the 
succeeding step. Since in a typical preparation these losses amount to 
about 50 per cent, the actual purification achieved is usually about 20- to 


TABLE | 
Purification of Rat Liver Enzyme 
310 gm. of rat liver. 


| 


mil, meg. permg. per ceni 
protein 
Ethanol fractionation... 240 8, 030 0.40 62 
Ist ammonium sulfate fractionation. . . 52. =—s- 3340 2,530 1.32 64 


2nd 1680 S50 1.99 32 


25-fold. The second ammonium sulfate fraction, when stored at — 20°, 
loses almost 50 per cent of its activity in a month. Since these losses seem 
to be increased by repeated freezing and thawing, the fraction is gen- 
erally distributed into several tubes so that only small portions need be 
thawed at any given time. Conditions have not yet been found whereby 
the enzyme can be dialyzed without fairlv large losses. 


Purification of Sheep Liver Enzyme 


[xtraction—Sheep livers, removed immediately after death, were packed 
in ice. Although occasionally the purification has been carried out on 
fresh livers, usually the tissue was frozen at —20° until ready for use. 
When the extraction was to be performed, the liver was allowed to thaw 
partially at room temperature. It was then cut into small pieces in the 
cold room and homogenized with 1.5 volumes of cold 0.1 M potassium phos- 
phate buffer, pH 7.4, for 1 minute at about three-fourths full speed in a 
Waring blendor. Another 1.5 volumes of buffer were added and the blend- 
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ing was continued for another minute at about one-third full speed. The 
mixture was then centrifuged for 45 minutes at 18,000 * g and the residue 
was discarded. 

First Ammonium Sulfate Fractionation—28 gm. of ammonium sulfate 
were added to each 100 ml. of extract. The mixture was centrifuged and 
the residue was discarded. Another 28 gm. of ammonium sulfate were 
added and the centrifugation was repeated. The precipitate was dissolved 
in about one-seventh the original volume of 0.0167 M potassium phosphate 
buffer, pH 7.4, and the solution was dialyzed overnight against 40 to 50 
volumes of the same buffer in a rocking dialyzer.* 

Kthanol Fractionation—The dialyzed ammonium sulfate fraction was 
fractionated with ethanol between 0 and 44 (temperature = —4°) and 44 
and 59 (temperature = —8.5°) per cent ethanol by volume. The latter 
fraction was dissolved in about one-fourth the original volume of 0.033 
potassium phosphate buffer, pH 7.4. The solution was dialyzed against a 
large excess of 0.0167 M potassium phosphate buffer, pH 7.4. 

Adsorption and Elution from Calcium Phosphate Gel—The dialyzed 
ethanol fraction was treated with 1.5 volumes of calcium phosphate gel. 
The gel was then successively eluted with 0.05 mM potassium phosphate 
buffer, pH 7.4, and 0.2 mM potassium phosphate buffer, pH 8.0, the latter 
eluate containing most of the activity. 

Second Ammonium Sulfate Fractionation—36.4 gm. of solid ammonium 
sulfate were added to each 100 ml. of the eluate at pH 8.0. After centri- 
fugation the residue was discarded. Another 16.1 gm. of ammonium sul- 
fate were added for each 100 ml. of starting solution as before. The pre- 
cipitate obtained after centrifugation was dissolved in a small volume of 
().033 M potassium phosphate buffer, pH 7.4, and dialyzed overnight against 
a large excess of 0.0167 mM potassium phosphate buffer, pH 7.4. An out- 
line of the purification of the sheep liver enzyme is shown in Table II. 
An approximately 25-fold purification over the initial extract has been 
obtained. The sheep enzyme is relatively stable and only a small loss in 
activity has been observed on frozen storage for several weeks. 


Properties of Enzyme System 


Dependencies and Specificity—Early attempts to fractionate this enzyme 
system were carried out by employing an assay which included DPN?t, 
since it had been reported that there was a specific requirement for this 
nucleotide (6). As a source of possibly unrecognized cofactors, a boiled 


3 When the undialyzed ammonium sulfate fraction was assayed, it was found to 
have low activity which increased after dialysis. This apparent inhibition was not 
due to the presence of ammonium sulfate in the undialyzed fraction, since this com- 
pound was without effect when tested at a final concentration of 0.1 M. 
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extract of rat liver was routinely included. When this extract was omitted, 
it was found that a large portion of the enzymatic activity was lost. An 
examination of some of the properties of the active factor (or factors) in 
the boiled juice preparation indicated that the activity was destroyed by 
heating for 10 minutes in 0.1 N HCl at 55°. The known acid lability of the 
reduced pyridine nucleotides suggested the possibility that it was the re- 
duced form of these coenzymes which was actually required for enzymatic 
activity. When TPNH and DPNH were tested in place of the extract, 
it was found that they could both function, although the former compound 
was definitely superior. It has been found that, during the course of 
enzyme purification, the relative activity of TPNH is increased and with 


TABLE II 
Purification of Sheep Liver Enzyme 
250 gm. of frozen sheep liver. 


Step | Volume | | Protein Yield 

| mil | | meg | per cent 

Ist ammonium sulfate fractiona- | | | 

coms 163 6,300 6 , 430 0.98 | 51 

I:thanol fractionation............. 56 | 3,730 2,000 1.88 | 30 
Calcium phosphate gel eluate, pH — | | 

2nd ammonium sulfate fractiona-_ | | 


the best enzyme fractions, as can be seen in Table III, TPNH is about 
twice as good as DPNH. The reduced pyridine nucleotides can be added 
directly or generated enzymatically zn situ from the oxidized nucleotides. 
With the crude enzymes, the difference between the oxidized and reduced 
nucleotides is not great, but on purification the activity of the former be- 
comes negligible. Although not shown in Table ITI, the addition of DPN*+ 
or TPN* to either TPNH or DPNH does not have a significant effect. 
With the partially purified enzyme, it has been possible to demonstrate 
a phenylalanine-dependent oxidation of TPNH spectrophotometrically. 
Fig. 1, A shows the results of such an experiment. After an initial lag, 
the optical density decreases rapidly in the presence of phenylalanine, while 
in the control cuvette the same initial slow rate is maintained. In the 
presence of phenylalanine, TPNH is oxidized about 10 times faster than in 
its absence. Upon the addition of glucose and a large excess of glucose 
dehydrogenase (arrows), the optical density approaches its original value 
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which indicates that TPNt is the major, and probably the only, end product 
of the TPNH in this reaction. In contrast to TPNH, the oxidation of 
DPNH is barely stimulated by the presence of phenylalanine (Fig. 1, B). 

The more dramatic difference between the activity of TPNH and DPNH 
in the spectrophotometric assay, compared with the standard assay (see 
Table III), may be due to a difference in K,, between TPNH and DPNH. 
As shown in Fig. 2, the A,, for TPNH is about 1 & 10-4 m and that for 
DPNH is about 4 X 10-4 mM. It seems clear, therefore, that the affinity, 
as measured by K,, determination, of this system for TPNH is greater than 


TaBLeE III 
Nucleotide Specificity and Dependencies 

The system contained the following components (in micromoles) : potassium phos- 
phate buffer, pH 6.8, 100; L-phenylalanine, 4.0; nucleotide, where indicated, 0.5; rat 
enzyme, 2.8 mg. of protein; sheep enzyme, 2.0 mg. of protein. When the reduced 
pyridine nucleotide was enzymatically generated, 75 umoles of glucose and an excess 
of glucose dehydrogenase were included. Final volume, 1.0 ml. Incubation for 30 
minutes at 25°. 


Additions | Tyrosine formed 

umole per cent 
No nucleotide added........................ | 0 | 0 
phenylalanine 0 0 
‘“ rat enzyme added....................... | 0 0 
| 0 0 


‘* sheep enzyme added.................... 


that for DPNH. While this work was in progress, Mitoma (10) reported 
that the liver system of Udenfriend and Cooper (6) was actually specific 
for DPNH and not for DPN* as has been claimed previously. The reason 
for the apparent difference in nucleotide specificity shown by this system 
and that of Mitoma is not obvious. 

Table III also shows that the system is completely dependent upon the 
presence of added phenylalanine, as well as being dependent on both 
enzyme fractions. The phenylalanine-dependent oxidation of TPNH also 
requires the presence of both enzymes as can be seen in Fig. 5. 

Other Properties—While the crude extract can metabolize L-tyrosine 
further, the partially purified enzymes cannot. Phenylpyruvate shows 
slight activity as a substrate, and glutamic acid and pyridoxal phosphate 
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Fig. L. Speectrophotometric demonstration of phenylalanine-dependent oxida- 
tion of TPNH compared with DPNH. A, system contained the following compo- 
nents (in micromoles): potassium phosphate buffer, pH 6.8, 100; TPNH, 0.08; rat 
enzyme, 1.5 mg. of protein; sheep enzyme, 2.0 mg. of protein. A, no phenylalanine 
present; A, 4.0 umoles of phenylalanine present. At the arrows, an excess of glucose 
dehydrogenase and 100 umoles of glucose were added tobothcuvettes. conditions 
sume as those in A with DPNH instead of TPNH. O, without phenylalanine; @, 
with phenylalanine. Siliea cells; light path 1.0 em. Final volume made up to 1.0 
ml. with water. 
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Fic. 2. Effect of TPNH concentration on the rate of tyrosine formation. The 
system contained the following components (in micromoles): potassium phosphate 
buffer, pH 6.8, 100; L-phenylalanine, 4.0; sheep enzyme, 10 mg. of protein; rat en 
zvme, 2.8 mg. of protein. Final volume, 1.0 ml. Incubated for 35 minutes at 25°. 
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do not significantly stimulate this small activity. Catalase does not 
inhibit the reaction, in confirmation of previous findings (6). Ascorbic 
acid, glutathione, and cysteine, tested alone and in combination, are with- 
out effect. Occasionally, stimulations of the order of 30 per cent have 
been obtained by the addition of Fet+*+ at a level of 2.0 uwmoles per ml. 
Cut+, at the same concentration, showed almost complete inhibition. 
Treatment of the sheep enzyme with MgSOy,, followed by extensive dialysis, 
a procedure reported to be capable of removing bound flavin from several 
enzymes (11), leads to some inactivation of the sheep enzyme which could 
be restored by neither FAD nor FMN._ In fact, both of these compounds 
seem to be slightly inhibitory at the concentration tested (10 y per ml.). 


TABLE 
Stoichiometry of Reaction 


In Experiment 1, the system contained the following components (in micromoles) : 
potassium phosphate buffer, pH 6.8, 150; L-phenylalanine, 8.0; TPNH, 8.0; rat en- 
zyme, 7.0 mg. of protein; sheep enzyme, 5.0 mg. of protein. Final volume, 1.70 ml. 
Incubated for 2 hours at 26.2°. In I:xperiment 2, the system contained the following 
components (in micromoles): potassium phosphate buffer, pH 6.8, 150; phenylala- 
nine-C'4, 4.5; TPNH, 4.0; rat enzyme, 8.5 mg. of protein; sheep enzyme, 4.0 mg. of 
protein. Final volume, 1.40 ml. Incubated for 75 minutes at 26.2°. In both ex- 
periments, a control tube without phenylalanine was included and the values re- 
ported have been corrected for the small amount of TPNH oxidation which took 
place in the absence of phenylalanine. All values are given in micromoles. 


Experiment No. ATPNH A phenylalanine | A tyrosine 
1 —1.40 ~1.21 | +1.29 


Balance Studies. -With the finding of a phenylalanine-dependent TPNH 
oxidation, it became of great interest to determine the stoichiometry of 
the reaction. The results shown in Table IV are consistent with the 
formulation as given in Reaction 1. Essentially equimolecular amounts 
of oxygen, TPNH, and phenylalanine are utilized and an equivalent amount 
of tyrosine is formed. These data contrast with those reported by Mitoma 
(10), who found that 2 moles of DPNIT were oxidized for each mole of 
tyrosine formed in his enzyme system. 

Evidence for Lag—As noted above, when the oxidation of TPNH was 
measured spectrophotometrically (Fig. 1), it was found that there was a 
lag of about 6 minutes before the rate in the presence of phenylalanine 
exceeded that of the control. This initial Jag can also be detected when 
tyrosine formation is measured under the conditions of the standard 
assay (Fig. 3). The data in Fig. 4 show that preincubation for 15 minutes 
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with either enzyme alone does not shorten the lag. However, when phenyl- 
alanine is added after both enzymes have been incubated with TPNH, 
the oxidation of the TPNH begins almost immediately. The data in Table 
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Fic. 3. Time-course of tyrosine formation. Conditions same as those in the 
standard assay as described in the text. Curve 1 was obtained with an initial ex- 
tract of rat liver, 12.0 mg. of protein. Curve 2 was obtained with a rat liver prepara- 
tion which had been carried through the second ammonium sulfate step, 1.0 mg. of 
protein. Sheep enzyme, containing 2.3 mg. of protein, was also added. 

Fig. 4. Iffect of preincubation with either enzyme on the lag phase. In all ex- 
periments, the following components were added (in micromoles): potassium phos- 
phate buffer, pH 6.8, 100; TPNH, 0.08. Phenylalanine, 4.0 wmoles; sheep enzyme, 
2.0 mg. of protein; rat enzyme, 1.5 mg. of protein were added where indicated. In 
A, the sheep enzyme was preincubated with TPNH for 15 minutes at room tempera- 
ture. Rat enzyme was then added to the control cuvette and rat enzyme plus phen- 
vlalanine was added to the other cuvette. In B, conditions were the same, except 
that the preincubation was carried out for 15 minutes in the presence of TPNH and 
the ratenzyme. Final volume, 1.0 ml. Silica cells; light path 1.0 em. 


V show that TPNH is required during the preincubation period with both 
enzyme fractions. It should be noted, however, that oxygen is not neces- 
sary, since the preincubation, when carried out in evacuated Thunberg 
tubes, is just as effective as aerobic preincubation. For the anaerobic 
preincubation, the enzymes were placed in the main compartment of a 
Thunberg tube. After evacuation for 2 minutes on a mechanical pump, 
TPNH was tipped in and the tubes were then incubated for 15 minutes. 
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Although traces of oxygen may still be present, control experiments have 
shown that under these conditions there is no detectable conversion of 
phenylalanine to tyrosine. 


TABLE V 
Effect of Preincubation under Various Conditions 


The reactions were carried out in 1.0 cm. Beckman cuvettes containing the follow- 
ing components (in micromoles) : potassium phosphate buffer, pH 6.8, 100; phenylala- 
nine, 4.0; TPNH, 0.08; rat enzyme, 1.6 mg. of protein; sheep enzyme, 1.5 mg. of pro- 
tein. Final volume, 1.0 ml. Incubations carried out at room temperature. For 
the anaerobic preincubations, the enzymes were added to the main compartment of 
a Thunberg tube and the buffer and TPNH were added to the side bulb. After a 
2 minute evacuation on a mechanical pump, the tube was closed and the contents of 
the side arm were tipped in. Each reported value has been corrected for any TPNH 
oxidation which occurred in the absence of phenylalanine. All preincubations were 
carried out for 15 minutes at room temperature. 


Rate (A optical density & 1000 per min.) 


0-3 min, | 3-6 min. | 6-9 min. | 9-20 min_ 

No preincubation...................... | 0 | oe 9.0 15.2 
Both enzymes, aerobically, in presence | 

Both enzymes, aerobically, in absence | | | 

Both enzymes, anaerobically, in pres- | | 

i 
DISCUSSION 


With the demonstration of a dual requirement for reduced pyridine 
nucleotide and oxygen for the conversion of phenylalanine to tyrosine, this 
reaction would seem to fall into a diverse group of reactions which show 
similar requirements. Such reactions include the cleavage of imidazole- 
acetic acid to give formylaspartic acid (12), the hydroxylation of steroids 
(13, 14), and the oxidative dealkylation (15) and deamination (16) of cer- 
tain drugs. In none of these cases has any insight into the detailed mecha- 
nism been gained. The stoichiometry observed in the present study 
would make it unlikely that the oxygen of the hydroxyl group is derived 
from water and points rather to the utilization of molecular oxygen for this 
purpose. In the case of steroid hydroxylation, experiments with O have 
demonstrated this point in a direct manner (17). Evidence against the 
participation of free H.O. has been obtained in the present reaction as well 
as in the hydroxylation of steroids (14). The finding of a lag period for 
the conversion of phenylalanine to tyrosine and its elimination by anaerobic 
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preincubation with both enzymes in the presence of TPNH suggests the 
possibility that the first step in this sequence of reactions may be the 
formation of a reduced cofactor other than TPNH. This compound, on 
oxidation, may then be converted to the primary hydroxylating agent. 
The formation of such an oxidizing agent may indeed be the common fea- 
ture in the various reactions mentioned previously. 

In view of the known role of hydroperoxides in the non-enzymatie oxida- 
tion of organic compounds by molecular oxygen (18), it is tempting to 
speculate that this type of compound may also be involved in the oxida- 
tion of phenylalanine to tyrosine. It is hoped that the availability of the 
partially purified enzymes described here will permit experiments on the 
mechanism of this reaction to be carried out in the future. 


Methods 


Tyrosine was occasionally determined by iodination in alkaline solution. 
A suitable aliquot of a trichloroacetic acid supernatant fluid was pipetted 
into a Beckman cuvette containing 0.4 ml. of unneutralized 2 m Tris and 
0.05 ml. of a 0.1 Mm iodine solution containing 2.5 gm. of potassium iodide 
per 100 ml. After standing for 2 minutes at room temperature, 0.2 ml. of 
0.1 M potassium thiosulfate was added and the final volume was made up 
to 3.0 ml. with water. The solution was mixed and the optical density 
was determined at 310 my. The iodination reaction is apparently com- 
plete in 2 minutes under these conditions, since a longer period does not 
lead to an increased density. The cuvettes were read against a blank 
treated in the same way but containing no tyrosine. The optical density 
is proportional to tyrosine concentration up to 0.4 umole, as can be seen 
in Fig. 5, and is sensitive enough to allow the estimation of about 0.04 umole 
of tyrosine. Phenylalanine, ata level of 4.0 umoles per 3 ml. of final reac- 
tion mixture, does not interfere. 

In the experiments described in Table IV, TPNH was determined by 
measuring the decrease in absorption at 340 my in the presence of pyruvate 
and a large excess of crystalline lactic dehydrogenase. A zero time sample, 
removed immediately after the reaction had been started by the addition 
of enzymes, as well as a final sample removed just prior to the addition of 
trichloroacetic acid, Was analyzed in this manner. These samples were 
diluted about 1:40 with ice-cold 0.002 mM dipotassium phosphate. The 
alkaline pH and the high dilution effectively ‘‘stopped’’ the reaction. 
Phenylalanine was determined in Experiment 2 of Table IV by chromato- 
graphic separation from the tyrosine and was estimated quantitatively by 
assaying for radioactivity. Aliquots of the unneutralized trichloroacetic 
acid supernatant fluid were applied to Whatman No. 1 paper. The paper 
was developed for 14 hours in n-butanol saturated with 2 ~ ammonium 
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hydroxide (19). The tyrosine and phenylalanine spots were detected by 
spraying with ninhydrin (20). There were only two ninhydrin-positive 
spots on the chromatogram, one at Rr = 0.09 and one at Rr = 0.28, cor- 
responding, respectively, to tvrosine and phenylalanine, as determined by 
a control paper on which authentie samples of tvrosine and phenylalanine 
had been chromatographed. A zero time sample showed only one ninhy- 
drin-positive spot which corresponded to phenylalanine. The chromato- 
grams were then cut into 1 cm. strips and eluted with 2.0 ml. of 0.0002 m 
KOH. The eluates were plated on planchets and dried and radioactivity 
was determined with a Tracerlab windowless flow counter. The counts 
were exclusively located in the tyrosine and phenylalanine regions. The 
zero time control showed counts only in the phenylalanine spot. 
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Fic. 5. The determination of tyrosine by iodination. The conditions of the 
method are deseribed in the text under ‘‘Methods.”’ 


Preparations 

L-Phenylalanine and L-tyrosine were commercial products obtained from 
the Nutritional Biochemicals Corporation. TPN+, DPN*+, TPNH, 
DPNH, FAD, and FMN were all obtained from the Sigma Chemical 
Company. Calcium phosphate gel, prepared by the method of Keilin 
and Hartree (21), was used after variable periods of aging in the dark. 
Crystalline lactic dehydrogenase and catalase were products from the 
Worthington Biochemical Corporation. Glucose dehydrogenase was iso- 
lated from beef liver by the method of Strecker and Korkes (22). 


SUMMARY 


1. The conversion of phenylalanine to tyrosine has been shown to re- 
quire the presence of at least two enzyme fractions each of which has been 
purified about 20-fold. 
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2. Triphosphopyridine nucleotide (TPNH) has been demonstrated as 
the cofactor in Reaction 1. 

3. With the partially purified enzymes, a phenylalanine-dependent 
oxidation of TPNH has been demonstrated. 

4. The stoichiometry of the reaction has been determined. 

5. It has been found that Reaction 1, followed by either measuring 
tyrosine formation or the phenylalanine-dependent oxidation of TPNH, 
exhibits a distinct lag period. The lag can be eliminated almost completely 
by preincubation with both enzymes in the presence of TPNH either 
aerobically or anaerobically. The possible significance of these findings 
on the mechanism of Reaction 1 has been discussed. 


The author wishes to thank Mr. Richard Funk for skillful technical 
assistance during the course of this work. 
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THE ENZYMATIC CLEAVAGE OF ADENYLIC ACID TO 
ADENINE AND RIBOSE 5-PHOSPHATE 


By JERARD HURWITZ,* LEON A. HEPPEL, anp B. L. HORECKER 
(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 
(Received for publication, October 22, 1956) 


This report is concerned with the purification and properties of an ade- 
nine-forming enzyme from Azotobacter vinelandii! which shall be called 
5’-AMP ribosidase.2, Evidence has been obtained that the reaction cata- 
lyzed by this enzyme is 


(ATP) 
Adenosine 5’-monophosphate > adenine + ribose 5-phosphate 


with ATP acting catalytically. Of a large number of compounds tested, 
only AMP was cleaved. The requirement for ATP could also be met by 
adenosine tetraphosphate, inorganic pyrophosphate, and inorganic tri- 
polyphosphate, although not by metaphosphate or other nucleoside poly- 
phosphates. 


Methods 


The various nucleosides and nucleotides used in this study were com- 
mercial preparations. This was also true for inorganic pyrophosphate, 
tripolyphosphate, and adenosine tetraphosphate. 

ATP was a crystalline preparation; UTP was further purified by ion 
exchange chromatography. 1-Pyrophosphoryl ribose 5-phosphate was 
isolated by the procedure of Kornberg, Lieberman, and Simms (1) to whom 
we are indebted for a generous sample of this material. Ribose 5-pyro- 
phosphate and ribose 5-triphosphate were synthesized as described else- 


* Fellow in Cancer Research of the American Cancer Society. 

'The enzyme was encountered in the course of a study of polynucleotide phos- 
phorylase of A. vinelandii, being carried out by one of us (L. A. H.) in collaboration 
with Dr. S. Ochoa and Miss P. J. Ortiz. We are grateful to Dr. Ochoa for helpful 
discussions and for supplying various enzyme fractions and compounds used in 
preliminary exploration. 

2 The following abbreviations are used: 5’-monophosphates of adenosine, inosine, 
guanosine, uridine, and cytidine, AMP, IMP, GMP, UMP, and CMP; adenosine 
5’-diphosphate, ADP; 5’-triphosphates of adenosine, inosine, guanosine, uridine, and 
cytidine, ATP, ITP, GTP, UTP, and CTP; reduced diphosphopyridine nucleotide, 
DPNH; triphosphopyridine nucleotide, TPN; tris(hydroxymethyl)aminomethane, 
Tris; ethylenediaminetetraacetie acid, EDTA. 
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where (2). Phosphoenolpyruvate was generously provided by Mr. W. E. 
Pricer, Jr., of this Institute. 

Hexokinase was a commercial preparation from the Sigma Chemical 
Company, St. Louis. Glucose 6-phosphate dehydrogenase was isolated 
from yeast (3). Crystalline lactic dehydrogenase (Worthington Biochem. 
ical Corporation, Freehold, New Jersev) also served as a source of pyruvic 
kinase. 

Spinach phosphoribulokinase was prepared as previously described (4). 
Myokinase (adenylate kinase) was purified from muscle according to the 
procedure of Colowick and Kalckar (5). Myokinase activity was deter- 
mined with ATP and AMP as starting substrates, by measuring the forma- 
tion of ADP with pyruvic kinase and lactic dehydrogenase, as described by 
Kornberg and Pricer (6). ATP was estimated by the reduction of TPN 
after the action of hexokinase and glucose 6-phosphate dehydrogenase. 
AMP was measured by the combined action of myokinase, pyruvic kinase, 
and lactic dehydrogenase (6), in the presence of catalytic amounts of ATP. 
When myokinase is added last, the presence of ADP does not interfere in 
this determination. The method is sensitive for AMP, since 2 moles of 
IDPNH are oxidized per mole of AMP present. 

Phosphate was determined by the method of Fiske and Subbarow (7) 
or by the Lowry and Lopez (8) procedure. Pentose phosphate was meas- 
ured by the method of Mejbaum (9) with a 20 minute heating period. Re- 
ducing sugar was determined by the procedure of Park and Johnson (10) 
with ribose 5-phosphate as the standard. It was found that high phosphate 
concentrations interfered with the method. Protein was determined as 
described by Sutherland et al. (11). 

The following solvent systems were used for paper chromatography: 
Solvent 1, isopropanol-water (70:30, v/v), with NH; in the vapor phase 
(12); Solvent 2, saturated (NH4).SO,-isopropanol-1 mM sodium acetate 
(80:2:18, v/v/v) (12); Solvent 3, 750 ml. of 95 per cent ethanol-300 ml. 
of 1 M ammonium acetate (13); Solvent 4, 100 ml. of isobutyric acid-60 
ml. of 1 N NH,OH-1 ml. of 0.1 m EDTA (14). 

C'™ samples were counted at infinite thinness with a gas flow counter. 
P*? counting was done with conventional Geiger-Miiller counters. 

Uniformly C-labeled AMP was obtained from the Schwarz Labora- 
tories, Inc., Mount Vernon, New York. Uniformly C-labeled ATP was 
prepared from randomly labeled AMP. 9 umoles of C4-AMP were incu- 
bated in a volume of 2.2 ml. with 30 uwmoles of phosphoenolpyruvate, 80 
umoles of Tris buffer, pH 7.8, 10 umoles of MgCl., 2.5 units of myokinase, 
2 umoles of ATP, and 0.05 ml. of pyruvic kinase. After 60 minutes at 38°, 
the reaction was stopped by the addition of 0.1 ml. of N HCIO,, and the 
nucleotides were adsorbed on charcoal (0.2 ml. of 30 per cent suspension). 
The charcoal was washed two times with 3 ml. of H.O, and the nucleotides 
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were eluted with ethanolic NII; (ethanol-water-concentrated NHs, 
1:1:0.08). The solution (3 ml.) was concentrated to a small volume and 
chromatographed with Solvent 4, and the area corresponding to ATP was 
quantitatively eluted with water. Measurement of the absorption at 260 
mu indicated that 4.0 uwmoles were obtained. } 

Assay of AM P-Cleaving Enzyme—Two independent methods were used 
for the determination of AMP cleavage. The first procedure was based 
on the liberation of the free base and the second on the appearance of re- 
ducing sugar. For free base formation, the following assay mixture was 
used: 0.02 ml. of 0.1 Mm MgCls, 0.03 ml. of 0.4 mu Tris buffer, pH 7.95, 0.04 
ml. of 0.02 m ATP, 0.04 ml. of 0.02 m AMP, 0.03 to 1.3 units of enzyme, 
and water to give a volume of 0.2 ml. Incubation was for 15 minutes at 
37.9° in 12 ml. conical centrifuge tubes. After incubation, 0.03 ml. of 25 
per cent barium acetate solution was introduced, followed by 0.92 ml. of 
absolute ethanol. The tubes were briefly shaken, kept in ice for 20 min- 
utes, and centrifuged at 2° for 10 minutes at about 2000 r.p.m. The op- 
tical density was determined at 250 my after the addition of 1.17 ml. of 
0.15 ~s HCl to a 0.7 ml. aliquot. It was found necessary to measure both 
adenine and hypoxanthine together because adenase was present at all 
stages of purification. At 250 my both adenine and hypoxanthine have 
identical molar extinction coefficients of 1.03 * 10% (15). 

For reducing sugar, the following assay mixture was used: 0.02 ml. of 
0.02 m AMP, 0.02 ml. of 0.02 m ATP, 0.01 ml. of 0.1 Mm MgCls, 0.025 ml. of 
0.4 Tris buffer, pH 7.95, enzyme, and water to give a volume of 0.1 ml. 
After 10 minutes at 37.5°, an aliquot was removed, and the reducing power 
was measured by using ribose 5-phosphate as a standard. A unit of en- 
zyme activity was defined as equal to the amount required for the forma- 
tion of 1 umole of reducing sugar or adenine per hour at 38° under the 
above conditions. 

In both assays, controls lacking enzyme were run. However, the early 
enzyme fractions (‘Crude extract” to ““Ammonium sulfate I’’) contained 
considerable ultraviolet spectrum-absorbing as well as -reducing material, 
and additional controls containing enzyme, but lacking substrate, were 
included when these fractions were assayed. 

With the above conditions, the reaction rate was found to be linear with 
time (Table I) and directly proportional to the enzyme concentration 
(Fig. 1). This was true with either assay and helped to establish that 
reducing sugar and purine base were formed simultaneously. 


Results 


Purification of 5'-AMP Ribosidase—The enzyme was purified from ex- 
tracts of A. vinelandi strain O. The organism was grown and harvested 
as described by Grunberg-Manago, Ortiz, and Ochoa (16). The cells were 
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washed with cold H.O and centrifuged at 13,000 & g, and the pellet was 
stored at —15°. Cells frozen up to 2 months showed no loss of ability to 
cleave AMP. A summary of the purification procedure is given in Ta- 
ble II. The details follow. 


TABLE I 
Formation of Reducing Sugar and Free Base As Function of Time 


Time | Reducing sugar | Free base* 
5 | 0.07 0.09 
10 | 0.13 0.15 
15 0.21 0.22 
20 0.29 0.27 
30 0.33 0.37 


The conditions were as follows: 0.8 wmole of ATP, 0.8 wmole of AMP, 12 wmoles 
of Tris buffer, pH 7.95, 10 umoles of MgCl., 5.94 of protein (Ammonium sulfate IV, 
1600 units per ml., specific activity = 140), and water to give a volume of 0.2 m1.; 
temperature 37.5°. 

* This includes both adenine and hypoxanthine. 


—— 
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Fic. 1. Proportionality between rate of formation of free base from AMP and 
amount of enzyme added. The assay conditions are described in the text. The 
enzyme solution was Ammonium sulfate IV diluted 100-fold. The concentrated 
solution contained 13 mg. of protein per ml. and had a specific activity of 206 units 


per mg. 


Alumina Extract—28 gm. of cells were ground in a mortar with 56 gm. 
of Alumina A-301 (325 mesh, Aluminum Company of America) for 10 
minutes, and the paste was extracted with 112 ml. of water. The turbid 
supernatant solution obtained by centrifugation for 15 minutes at 13,000 X 
g was decanted, and the sediment was reextracted with 56 ml. of water. 
The supernatant solutions were combined (alumina extract, 160 m].). The 
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above operations were performed at room temperature. All subsequent 
steps were carried out at 2° except where indicated. 

Protamine Treatment—160 ml. of alumina extract were diluted with 160 
ml. of water, and 12.8 ml. of a 2 per cent solution of protamine sulfate 
(Nutritional Biochemicals Corporation, Cleveland, Ohio) in 0.2 m sodium 
acetate buffer, pH 5.0, were added. The solution was rapidly stirred dur- 
ing the addition of protamine, kept standing for 10 minutes, and centri- 
fuged, yielding 315 ml. of supernatant solution (‘‘Protamine fraction’’). 

Ammonium Sulfate I, Heated—The Protamine fraction was treated with 
150 gm. of solid ammonium sulfate. After 15 minutes, the solution was 
centrifuged, and the precipitate was dissolved in 89 ml. of water. The en- 


TABLE II 
Purification of 5'-AMP Ribosidase 


Fraction Units per ml.* | Total units Specific activity 


unils per mg. 


| protein 
20.7 | 3, 300F | 1.77 
Protamine fraction...................... | 34.2 10,800 | 8.1 
Ammonium sulfate I, heated............ | 85 | 9 ,350 | 15 
970 | 6,900 130 
4400 | 4,200 | 250 


* The assay conditions were those described for the reducing sugar procedure un- 


der ‘‘Methods.”’ 
7 The crude extract had «a relatively low activity in this preparation. Such ex- 
tracts usually contained a total of 10,000 units with a specifie activity of 5. 


tire solution (98 ml.) was heated to 55° in about 2.5 minutes by immersion 
in a water bath at 55° and held at this temperature for 5 more minutes; the 
solution was then rapidly cooled to 3°. The voluminous precipitate was 
removed by centrifugation and washed with about 15 ml. of water. The 
supernatant and wash solutions were combined (“Ammonium sulfate I, 
heated,”’ 110 ml.). 

Ammonium Sulfate I7—In all subsequent fractionations ammonium 
sulfate solution saturated at room temperature and adjusted with concen- 
trated NH; to pH 7.4 was used. The salt concentration of the Ammonium 
sulfate I, heated fraction was measured with the Barnstead purity meter 
and found to be about 0.10 saturated. This solution (110 ml.) was treated 
with 27.5 ml. of water and 27.5 ml. of 0.2 mM Tris buffer, pH 7.7. To the 
mixture (165 ml.) were added 55 ml. of ammonium sulfate solution. After 
centrifugation, the supernatant solution (216 ml.) was treated with 33.2 ml. 
of saturated ammonium sulfate solution. Both precipitates were dis- 
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carded. The supernatant solution (244 ml.) was treated with 73.2 ml. of 
saturated ammonium sulfate, and the heavy precipitate obtained was 
dissolved in water (‘“‘Ammonium sulfate II,’’ 20.5 ml.). This solution was 
found to be 0.05 saturated with ammonium sulfate. 

Ammonium Sulfate [[IT—The above fraction (20.5 ml.) was heated for 
1 hour at 60°. The resulting suspension was cooled, diluted with 50 ml. 
of 0.04 m Tris buffer, pH 7.7, and treated with 30 ml. of ammonium sulfate 
solution. The heavy precipitate was removed by centrifugation. The 
supernatant solution (96 ml.) was treated with 16 ml. of ammonium sulfate 
solution, and the precipitate again was discarded. ‘To the second. super- 
natant solution (111 ml.) were added 79 ml. of ammonium sulfate solution. 
The flocculent precipitate was collected and dissolved in water (‘Am- 
monium sulfate III,’ 7.1 ml.). 

Ammonium Sulfate I1V, Heated—The protein concentration was deter- 
mined (11), and the solution was diluted with 0.1 m sodium acetate, pH 
7.7, to a protein concentration of 4 mg. per ml. ‘To this solution (14.2 ml.) 
12.9 ml. of acetone (— 10°) were added rapidly, and the mixture was centri- 
fuged for 3 minutes at 13,000 & g. Acetone (4.2 ml.) was added to the 
supernatant solution (25.2 ml.) in the same way. Both fractions were 
dissolved in water (2.5 ml.) and immediately assayed.’ 

The first acetone fraction (2.6 ml.) was treated with 6.5 ml. of 0.04 
Tris buffer, pH 7.7, and 6.13 ml. of ammonium sulfate solution. The 
precipitate was removed by centrifugation, and 10.3 ml. of ammonium 
sulfate solution were added to the supernatant solution (14.5 ml.). The 
precipitate was dissolved in water (1.0 ml.). This fraction was then heated 
for | hour at 60°, after which the small precipitate was removed by centri- 
fugation at 13,000  g for 5 minutes (‘Ammonium sulfate IV, heated,” 
0.95 ml.). 

The above procedure results in a purification of approximately 50-fold 
(Table IT). 

Properties of Enzyme Preparation-——The final preparation is stable when 
stored at —10°. After 2 months under such conditions, no loss of activity 
has been noted. While the enzyme is stable to prolonged heating at 60° 
at pH 6.5, it is completely destroyed in 10 minutes at this temperature at 
pH 5.1. At 70° the enzyme is rapidly destroyed even at pH 6.5. 

The final preparation is free of myokinase activity, but is still contam- 
inated with inorganic pyrophosphatase and adenase. ‘The latter enzyme 
is very active in extracts of A. vinelandii; a procedure for its purification 
will be published separately. 

° This procedure is not reproducible, and the enzyme has been found to appear in 
either acetone fraction. The vield has varied from 40 to 100 per cent of the activity 


initially present in Ammonium sulfate II]. The acetone fraction is unstable. and 
the enzvme cannot be stored at this stage. 
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Effect of pH and Metal Requirement—The reaction is most rapid at about 
pH 7.8. The rate drops sharply above this pH and below pH 7.0. As 
shown in Fig. 2, the enzyme is completely inactive in the absence of Mg**. 
The dissociation constant, K,,, for Mg++ calculated from the Lineweaver 
and Burk plot (17) was about 1.1 X 10-4m. Other divalent metals were 
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ic. 2. The determination of K, for Mgt*. The conditions used were as follows: 
0.6 umole of AMP, 0.1 umole of ATP, 10 uzmoles of buffer, 0.5 41. of Ammonium sulfate 
IIl, and Mg** in a total volume of 0.1 ml. 


TaBLeE III 
Effect of Metals on 5'-AMP Ribosidase 


Metal addition Activity 


umoles base per ml. ensyme per hr. 


None... 0) 
MgCl... 650 
MnCl... 580 
0 


The conditions used were as follows: 0.4 umole of AMP and ATP, 1 umole of metal 
sults, and 12 wmoles of Tris buffer, pH 7.8, in a total volume of 0.2 ml. Tempera- 
ture 37.5°. The enzyme was Ammonium sulfate IV (specific activity = 140). 


able to substitute for Mg** (Table III). Cat*, and Cot* replaced 
Mg*+ to varying degrees, but Fe+* and Zn** were inactive. All the metals 
which activated purified 5’-AMP ribosidase stimulated the A. vinelandii 
myokinase activity. In the present study, no means were found to avoid 
troublesome myokinase activity, except by selective destruction of this 
enzyme by prolonged heating. 

It was observed that Mn++ markedly inhibits adenase, and this ion was 
useful for preventing the deamination of adenine to hypoxanthine, since 
the removal of adenase from 5’-AMP ribosidase was not complete. 
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Nature of Substrate—With crude extracts of A. vinelandii there was for- 
mation of reducing sugar and free base in the presence of ADP. However, 
after removal of myokinase by prolonged heating, it became evident that 
ADP was not a substrate for 5’-AMP ribosidase. In order to obtain re- 
ducing sugar, or free base, both AMP and ATP were necessary, and no 
other combination of adenine nucleotides would serve. With increasing 
concentration of ATP, the rate of free base formation increased (Fig. 3). 
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Fic. 3 Fig. 4 


Fic. 3. Effect of ATP concentration on the rate of base formation from AMP. 
The incubation mixture contained 0.8 wmole of AMP, ATP as indicated, 1 umole of 
MgCl, 12 umoles of Tris buffer, pH 7.95, 4.8 7 of enzyme (Ammonium sulfate ITI), 
and water up to 0.2 ml. Assay for total free base was carried out as described under 
‘‘Methods.’”’ In another experiment the concentration of MgCl. was reduced to 
5 X 10-* a, and the same A, value for ATP was obtained. Ordinate values are per 


ml. of enzyme. 
Fic. 4. Effect of AMP concentration on the rate of base formation. The incuba- 


tion mixture contained 0.2 umole of ATP and varying amounts of AMP as indicated. 
The enzyme added was 1 wl. of Ammonium sulfate III. All other conditions were as 


in Fig. 3. 


The value of 14Vmax for ATP was about 1 X 1074 M, with complete satura- 
tion at approximately 3 X 10-4 m ATP. The corresponding curve for 
AMP is presented in Fig. 4. Here the value of 144Vimax is about 6 X 107! M 

Conclusive evidence has been obtained that the reducing sugar and 
purine base arise by cleavage of AMP. As shown in Fig. 5, 0.91 umole of 
AMP in the presence of 4 umoles of ATP yielded 0.93 umole of base (Curve 
A), and doubling the AMP concentration resulted in exactly twice as much 
free base formation. As shown in Table IV, the role of ATP appears to 
be catalytic. In the presence of 8 umoles of AMP and 2 umoles of ATP, 
7 umoles of base were formed. Further evidence that AMP was actually 
the only source of base and reducing sugar was obtained by using C!-la- 


800 
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beled nucleotides. Only in the presence of C4-AMP is there a formation 
of labeled base and labeled ribose 5-phosphate (Table V).. When C4-ATP 
was used with unlabeled AMP, no C™ appeared in the free base or ribose 
5-phosphate. 


oO 
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ALMOLES BASE PER ML. 


0 100 200 300 400 
MINUTES 


Fic. 5. Formation of free base as a function of time and AMP concentration. 


~ Each ml. of incubation mixture contained 10 wmoles of MgCle, 40 umoles of Tris buf- 


fer, pH 7.95, enzyme, and nucleotides. Curve A, 0.91 umole of AMP and 4 umoles 
of ATP per ml. were present ; Curve B, 1.82 umoles of AMP and 4 umoles of ATP per 
ml. were added. Ineubation was at 37.5°. Aliquots were removed at the times indi- 
cated, and determinations for free base (adenine plus hypoxanthine) were performed. 
The arrows indicate the concentrations of free base equivalent to the AMP added. 


IV 
AMP As Source of Free Base 


Base formed, umoles per ml. 


7 min. 20 min. 100 min. 180 min. 
| 
, | 0.6 1.8 | 5.0 7.0 


The additions were as follows: nucleotide as above, 0.001 m Mg**, 0.06 m Tris 
buffer, pH 7.9, and 2 ul. of enzyme (Ammonium sulfate IIT, 516 units per ml., specific 
activity = 100) in a total volume of 0.2 ml. 


Specificity of Reactants—The following compounds did not replace AMP: 
adenosine, inosine, adenosine 3-phosphate, deoxyadenosine, deoxyuridine, 
deoxycytidylate, thymidylate, deoxyguanosine, deoxyadenylate, GMP, 
IMP, CMP, UMP, and AMP polymer (16). The dinucleotides 5’-phos- 
phoadenosine 3’-adenosine 5’-phosphate and 3’-phosphouridine 5’-adenosine 
3’-phosphate were also inactive. The following compounds did not replace 
ATP: GTP, ITP, CTP, UTP, 1-pyrophosphory] ribose 5-phosphate, ribose 
triphosphate. In addition, various combinations such as GTP and GMP, 
UTP and UMP, and CTP and CMP did not yield either reducing sugar or 
free base. 
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It was found that inorganic pyrophosphate, tripolyphosphate, and adeno- 


sine tetraphosphate could partially or completely replace ATP. In the 


case of adenosine tetraphosphate, the maximal rate was the same as that 
with ATP, and the concentration required to give 144Vimax Was approxi- 
mately 5 & 10-4 M, compared with 1 & 10-4 M for ATP. These results 
would be obtained if adenosine tetraphosphate were contaminated with 


TABLE V 
Comparison of C4-AMP and C!-ATP As Source of Ribose 5-Phosphate and Free Base 


Total counts, ¢.p).m. 


Incubation mixture 


Base ATP AMP 

Cu-AMP + ATP + enzyme... 10,000 11,000 910 
+ “ (no enzyme). 170 950 22,700 
4+ AMP + enzyme. 3S 96 14,500 390 
+ (no enzyme). . 000 460 


The following additions were made in the case of C't-AMP experiment: 0.4 umole 
of C'-AMP (uniformly labeled), 0.4 umole of ATP, 1 wmole of Mg**, 10 wmoles of 
Tris buffer, pH 7.8, and 1.5 units of enzyme (Ammonium sulfate IV, heated, 11.8 5 
of protein) in a total volume of 0.145 ml. The reaction was terminated after 60 min- 
utes at 38° by the addition of 0.05 ml. of 1 xn HC1lO,. The adenine compounds were 
adsorbed on charcoal (0.05 ml. of a 30 per cent suspension). The supernatant solu- 
tion from the mixture incubated with enzyme contained 0.31 umole of orcinol-reac- 
tive material. This was counted as such and is designated above as the ‘‘Ribose 
5-phosphate”’ fraction. Charcoal pellet was washed three times with 3 ml. aliquots 
of H.O. The charcoal was then treated with 0.5 ml. of ethanolic NH;. Aliquots 
were chromatographed on Whatman No. 3 MM paper for 18 hours (descending) in 
Solvents 3 and 4 (see under ‘‘Methods’’). In the neutral solvent adenine and hy- 
poxanthine do not separate. This area was eluted and is listed as ‘‘Base’’ above. 
The ultraviolet spectrum-absorbing material corresponding to AMP and ATP was 
eluted quantitatively from the isobutyric acid solvent and counted. In the case of 
the C'-ATP experiment with enzyme, 0.25 wmole of orcinol-reactive material was 
found in the supernatant solution after charcoal treatment. All other conditions 
were the same as those used in the C!4-AMP experiment. 


ATP to the extent of 20 per cent. However, this degree of contamination 
is unlikely, and it is probable that adenosine tetraphosphate is active in the 
reaction. With inorganic pyrophosphate and tripolyphosphate, the reac- 
tion was carried out in the presence of 0.025 m sodium fluoride in order to 
inhibit pyrophosphatase. This level of fluoride was found to have no 
effect on 5’-AMP ribosidase when tested with ATP. The activity with 
inorganic pyrophosphate and tripolyphosphate depended largely on their 
ratio to Mg**+. With 5 wmoles per ml. of both Mg** and inorganic pyro- 
phosphate, a rate of AMP cleavage of 170 units per ml. of enzyme was 
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obtained. With ratios of Mg** to pyrophosphate of 2:1 and 1:2, the rate 
was only one-third as fast. With 0.01 m Mgt** and 0.01 M inorganic pyro- 
phosphate, the rate was 310 units per ml., which is to be compared with 
890 units per ml. obtained with ATP. Variations in the concentration 
of MgCle had similar but quantitatively smaller effects with tripolyphos- 
phate. The A,, for tripolyphosphate was 1 X 107? M, and the optimal 
rate was 50 per cent of that obtained with ATP. 

Stoichiometry of Reaction—Starting with AMP and ATP, there was a 
disappearance of AMP with the appearance of equal amounts of reducing 
sugar and free base. In addition, ATP was quantitatively recovered, 
indicating that this compound was not utilized during the course of the 
reaction (Table VI). Chromatography of reaction mixtures (Dowex 1, 
Cl-) after incubation with 5’-AMP ribosidase confirmed this finding. 
Quantitative elution of the ATP area as described by Cohn and Carter (18) 
yielded a compound with a base-pentose-labile P-organic P ratio of approxi- 
mately 1:1:2:3. Ion exchange chromatography gave no evidence for any 
intermediate reaction product derived from ATP and AMP. In other 
experiments, the reaction was halted after various time intervals, and the 
reaction mixture was examined by paper chromatography in Solvents 1, 
2,3, and 4. The only changes detected by ultraviolet examination were 
AMP disappearance matched by the appearance of adenine and hypoxan- 
thine. No ultraviolet spectrum-absorbing material of unique PR», which 
might represent an intermediate of the reaction, was found. 

Similar data for inorganic pyrophosphate and tripolyphosphate are also 
shown in Table VI. In addition, there was no change in the 10 minute 
labile P, suggesting that no utilization of these compounds occurred during 
the reaction. 

Identification of Products—The evidence for ribose 5-phosphate as one 
of the products of AMP cleavage is summarized in Table VII. The amount 
of reducing sugar formed with ribose 5-phosphate as the standard agreed 
well with that obtained by using the phosphoribulokinase assay. In the 
latter case, ribulose 5-phosphate, as well as ribose 5-phosphate, is active 
due to the presence of phosphoriboisomerase in the kinase preparation. 
That the product is not ribulose 5-phosphate is indicated by the results in 
the orcinol test, since the ketopentose esters vield only 57 per cent of the 
color of the aldopentose esters (19). In addition, the product did not give 
the cysteine-carbazole test (20) which is given by ketopentoses (21). In 
view of the agreement between the methods used for determining the 
pentose phosphate, the reducing sugar is most likely ribose 5-phosphate. 

The other product is adenine. This was established by paper chro- 
matography, as well as by the action of the enzyme adenase which con- 
laminates the enzyme preparation. Chromatographic identification was 
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TABLE VI 
Stoichiometry of Splitting of 5'-AMP by &'-AMP Ribosidase 
| | — | Experi- 
With sodium | With sodium | ment2 
Compound analyzed pyrophosphate tripolyphosphate | 


With ATP 


| pmoles per ml. | pmoles per ml. | | 
SSE +2.4 +3.2 —=+2.16 +3.30 
| +2.75 +3.75 +2.07 | +3.78 
A inorganic phosphate... +0.3 +0.1 
A acid-stable phosphate... 0 0 


The reaction mixture (total volume = 1.5 ml.) contained 90 wmoles of Tris buffer, 
pH 7.8, 60 uwmoles of MgCl., 37.5 umoles of Nak, 6 wmoles of 5’-AMP, 6.0 umoles of 
either sodium pyrophosphate or sodium tripolyphosphate, adjusted to pH 7.8, and 
6.4 7 of enzyme (Ammonium sulfate IV, heated). The incubation was for 3.5 hours 
at 37.5°. In the reaction with ATP, 2.2 wmoles of ATP, 4.4 wmoles of AMP, 100 
umoles of Tris buffer, 5 umoles of MgCl., and 5 wl. of Ammonium sulfate IV, heated, 
in a total volume of 1 ml. were incubated for 20 and 55 minutes in Experiments | 
and 2, respectively. All procedures used are summarized under ‘‘Methods.’’? The 
results are given as change (A) in concentration of the various substances meas- 
ured. 


TaBie VII 
Identification of Ribose 5-Phosphate 


Method 
umoles per m!. 
Reducing sugar formed....... 5.02 
Orcinol-reactive material... 5:54 
Phosphoribulokinase activity...) 5.14 


20 umoles of AMP, 20 wmoles of ATP, 20 umoles of Tris buffer, pH 7.8, 2 umoles 
of Mg**, and 23 y of Ammonium sulfate IV, heated (30 units), in a total volume of 
0.27 ml. were incubated for 90 minutes at 38°. The reaction was terminated with 
0.015 ml. of 1 N HCIO, and 0.1 ml. of 30 per cent charcoal; after 1 hour at 0°, the 
charcoal was collected by centrifugation and washed with H:O. The supernatant 
solutions were combined and neutralized with KOH; after 15 minutes at 0°, KCIO,; 
was removed by centrifugation. A total of 14 wmoles of orcinol-reactive material 
was present. The incubation with phosphoribulokinase was carried out as _pre- 
viously described (4), and the reaction was followed by ADP formation. 
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obtained by using Solvents 1 and 2 as described under ‘“‘Methods.”’ Fur- 
ther, the compound had the electrophoretic mobility (12) and absorption 
spectrum characteristic of adenine. 

Inhibitors of Reaction—As shown in Table VIII, orthophosphate mark- 
edly inhibited the cleavage of AMP when ATP was used as the cofactor. 
This inhibition appears to be due to a competition between ATP and ortho- 
phosphate for the enzyme. 7.5 X 10-* mM phosphate gave 100 per cent 
inhibition when the APP concentration was 0.5 &K 107° M; with increasing 
concentrations of ATP, less inhibition was obtained. All attempts to 
demonstrate the uptake of phosphate were negative. No phosphate dis- 
appeared as measured with the Lowry and Lopez phosphate procedure (8) 


TaBLeE VIII 
Effect of Phosphate on 5'-AMP Ribosidase 


Concentration Rate of purine base formation 
ATP AMP | Without phosphate | Phosphate present Inhibition 
uv X 108 u X 108 | units per ml. units per ml. per cent 
0.5 4.5 | 229 0 | 100 
1.0 4.0 276 22 | 92 
2.5 | 2.5 224 33 | 76 
4.0 : 1.0 | 179 | 106 | 41 


| 
i 


To the above nucleotides 12 umoles of Tris buffer, pH 7.95, 2 umoles of Mgt*, 2 
ul. of Ammonium sulfate III (15 y of protein), orthophosphate, and water in a total 
volume of 0.2 ml. were added. The incubation time was 16 minutes at 37.5°. Con- 
trols lacking phosphate were run at each level of nucleotide indicated. The final 
phosphate concentration when added was 7.5 X 107 M. 


or by the use of P*. Arsenate was also found to inhibit, but was only ap- 
proximately 50 per cent as effective as phosphate under identical conditions. 

IMP was also found to inhibit the cleavage of AMP. With 2 * 107? M 
IMP and 5 X 10-*M ATP and 2 X 107° mM AMP, inhibition was 40 per cent. 
This inhibition was overcome by increasing the concentration of either 
AMP or ATP. UMP was without effect under the conditions found to be 
inhibitory with IMP. 


DISCUSSION 


The mechanism whereby AMP is hydrolyzed to adenine and ribose 5-phos- 
phate is clearly not due to any previously described enzymatic reaction. 
The system described by Kornberg, Lieberman, and Simms (1), in which 
AMP is phosphorolytically cleaved to form adenine and 1-pyrophosphory] 
ribose 5-phosphate, was excluded for several reasons. No evidence for 
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the formation of AMP from adenine and 1-pyrophosphory] ribose 5-phos- 
phate was found after prolonged incubation. Furthermore, 1-pyrophos- 
phoryl ribose 5-phosphate, which is non-reducing, was not cleaved by the 
5’-AMP ribosidase preparation to yield a reducing sugar and therefore 
could not have been formed as an intermediate in the reaction. 

Another possibility to consider is hydrolysis of AMP to form adenosine, 
phosphorolysis of adenosine to give ribose 1-phosphate, and conversion of 
ribose 1-phosphate to ribose 5-phosphate. This was also excluded, for no 
phosphorolysis of adenosine occurred, nor could any adenosine be detected 
chromatographically during the course of the reaction. Further evidence 
against this mechanism is the finding that C'*-ribose 5-phosphate was not 
incorporated into a material adsorbable on charcoal (adenosine). 

The conversion of AMP to adenine and ribose 5-phosphate appears to 
be irreversible, for all attempts to demonstrate the formation of AMP 
from adenine and ribose 5-phosphate were unsuccessful. With C'-labeled 
ribose 5-phosphate or adenine, no radioactivity was incorporated into 
AMP or ATP during the course of the reaction. In addition, as shown in 
Table V, incubation with randomly labeled AMP and unlabeled ATP did 
not result in the incorporation of radioactivity into the ATP. The reverse 
experiment with labeled ATP and unlabeled AMP demonstrated that 
C4-ATP did not yield any radioactivity in the ribose 5-phosphate and free 
base formed, thus eliminating the interconversion of ATP and AMP. In 
view of the activity with pyrophosphate, experiments with P*-labeled 
inorganic pyrophosphate! were also carried out. However, no counts were 
incorporated into any of the nucleotides or into ribose 5-phosphate. 

At present the nature of the ATP requirement is not known. This re- 
quirement cannot be met by preliminary incubation of the enzyme prepara- 
tion with ATP, followed by removal of the ATP with hexokinase and glu- 
cose. The possibility that ATP, as well as adenosine tetraphosphate, 
pyrophosphate, and tripolyphosphate, exerts its effect by forming a com- 
plex with some potent inhibitor present in the enzyme preparation does 
not appear reasonable in view of the inactivity of other nucleoside triphos- 
phates and EDTA. 

It is interesting to note that Muntz (22) has described a deaminase for 
AMP which also requires ATP for activity. It has also been found that 
in this reaction there is no utilization of ATP (23, 24). Ishikawa and 
Komita (25, 26) have obtained a ribose ester and free base by the action of 
fractions from calf spleen and other sources on guanosine 2’- or 3’-phos- 
phate. However, as Schlenk (27) has pointed out, their data can be ex- 
plained adequately by dephosphorylation of the nucleotide, followed by 


*P8?Jabeled pyrophosphate was synthesized by «a procedure kindly supplied by 
Dr. Paul Berg. 
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phosphorolysis of the resulting nucleoside. The reaction described in the 
present investigation thus represents the first clear-cut instance of mon- 
onucleotide hydrolysis at the glycosidic linkage. 


SUMMARY 


1. An enzyme preparation has been purified 50-fold from Azotobacter 
vinelandii. This preparation catalyzes the cleavage of adenosine 5’-mono- 
phosphate (AMP) to adenine and ribose 5-phosphate. The enzyme shows 
no activity with AMP unless catalytic quantities of adenosine 5’-triphos- 
phate (ATP) are added. The activating effect of ATP is also shown by 
adenosine tetraphosphate, inorganic pyrophosphate, and inorganic tripoly- 
phosphate. Metaphosphate and other nucleoside polyphosphates are in- 
active. ATP and adenosine 5’-diphosphate (ADP) are not cleaved by the 
enzyme even in the presence of an excess of AMP. Isotope experiments 
have shown that ATP and inorganic pyrophosphate do not participate in 
the reaction, and the nature of the activating effect is not clear. Under 
the conditions studied, the reaction is irreversible. 

2. Of a large number of compounds tested, only AMP is cleaved. 
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ADENOSINE TRIPHOSPHATE-ADENOSINE MONOPHOSPHATE 
TRANSPHOSPHORYLASE (MYOKINASE) 


I. ISOLATION OF THE CRYSTALLINE ENZYME FROM RABBIT 
SKELETAL MUSCLE* 


By LAFAYETTE NODA{T STEPHEN A. KUBY 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, October 1, 1956) 


The present series of papers is a continuation of the study of phosphate- 
transferring enzymes which began with reports on ATP-Cr transphos- 
phorylase! (2-5). 

An increasing number of enzymes have been reported which have as 
their common property the catalysis of the transfer of the phosphate group 
of ATP or other nucleotides to specific substrates without loss of the so 
called high energy phosphate bond. If the general term “‘transphosphory]- 
ase’ preceded by the two substrates be applied, a systematic method of 
nomenclature is available for a large number of enzymes. 

This series of papers will deal with studies on the protein catalyst (and 
the catalyzed reaction) commonly called myokinase? for which the more 
descriptive and systematic name ATP-AMP transphosphorylase is pro- 
posed. The catalyzed reaction has generally been studied in the direction 
of formation of ATP as follows: 


2ADP = ATP + AMP (1) 


In 1943, Colowick and Kalckar (9) first characterized myokinase (ATP- 
AMP transphosphorylase) and pointed out the remarkable stability to 
heat in the presence of acid. Kalckar (10), Kotel’nikova (11), and more 


* A report of this work was presented at the meeting of the American Society of 
Biological Chemists, April, 1955 (1). Grateful acknowledgment is made for sup- 
port of this investigation from the National Science Foundation, grant No. NSF- 
G1809, from the University of Wisconsin Research Committee, and from the Pabst 
Laboratories. 

+ Present address, Naval Medical Research Institute, Bethesda, Maryland. 

‘The abbreviations used in this series of papers are AMP adenosine monophos- 
phate, ADP adenosine diphosphate, ATP adenosine triphosphate, Cr creatine, Cr~P 
creatine phosphate, Tris tris(hydroxymethyl)aminomethane, EDTA ethylenedi- 
aminetetraacetic acid. 

? Kotel’nikova (6) reported the presence of myokinase activity in liver and in 
erythrocytes and pointed out the inappropriateness of the name. He proposed the 
hame ADP-phosphomutase. More recently, Colowick (7,8) has suggested the desig- 
nation, ‘‘muscle adenylate kinase.”’ 
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recently Bowen and Kerwin (12) and Callaghan (13) have reported on the 
purification of the enzyme. In 1955, we reported (1) the purification of 
ATP-AMP transphosphorylase which included the use of the resin, IRC-50 
(XE64). Later in the same year, Bowen and Kerwin (12), using the same 
resin, reported that it was possible to obtain low vields of the enzyme 
having a ‘“‘turnover number of 210,000” moles of ADP per 100,000 gm. of 
protein. The enzyme has been obtained in crystalline form (14). The 
activity under our conditions of assay (conditions may not be optimal) 
closely approximates the value reported above. 


Isolation Procedure 


All the steps are carried out in a cold room at 2~-4° or in an ice bath, un- 
less otherwise noted. Contact of the preparation with metal is avoided, 
excepting during the initial stages. pH measurements have been made 
at or near 10° with the Beckman pH meter. Unless otherwise noted, when- 
ever a protein-precipitating reagent was added in the fractionation pro- 
cedure, the mixture was stirred vigorously, but without foaming, for 10 
minutes, and then allowed to stand for 20 minutes before centrifugation or 
filtration. Acid-washed diatomaceous earth*® was used to facilitate filtra- 
tion. 

Fraction I—The back and leg muscles of three to ten rabbits (about 
600 to 700 gm. of muscle per medium sized rabbit) are excised immediately 
after decapitation and are thrust into ice. After the fat is trimmed off, 
the muscle is passed through a chilled motor-driven meat grinder (cutting 
plate holes 1¢th inch in diameter) and homogenized in a Waring blendor 
for 1 minute per batch with a total of 3 liters of 0.01 mM potassium chloride 
per kilo of ground muscle. The homogenate is thoroughly mixed and 
allowed to stand for 15 minutes before being drained through cheesecloth 
bags.4- The solution is cloudy and is slightly greater in volume than that 
of the 0.01 m potassium chloride used. 

Fraction II—To Fraction I, in an ice bath and with rapid mechanical 


>The diatomaceous earth (Celite 503, Johns-Manville Company) was twice ex- 
tracted at about 80° with 2 x hydrochloric acid and washed with distilled water until 
the pH of the wash water was 5.8 or near that of the distilled water. As an aid to 
filtration, an aqueous suspension of Celite (0.2 to 1 gm., depending upon the size of 
the Biichner funnel) was filtered on sharkskin paper to give a thin uniform layer of 
Celite. Additional Celite was mixed thoroughly with the suspension to be filtered 
and stirred occasionally to prevent settling during transfer of the suspension to the 
Biichner funnel. 

4 Bags were formed us follows: A square yard of cheesecloth is twice folded to a 
square and the edges sewed, except for one opening at a corner for inserting a funnel. 
The mid-portion of the bag was sewed diagonally into 1 inch channels, leaving a 
larger area that is left accessible to each channel. The bags were squeezed as dry 
as possible by hand. A Carver laboratory press lined with polyethylene has been 
found to be helpful to increase the yield about 10 per cent. 
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stirring, 2 N hydrochloric acid is added in a minute or less to drop the pH 
from about 6.1 to 2.0. The brownish solution is stirred for 10 minutes. 
2 x sodium hydroxide is slowly added in about 5 minutes from a pipette or 
separatory funnel to pH 7, resulting in a heavy precipitate. After being 
stirred another 10 minutes in an ice bath and allowed to stand for 20 
minutes, the denatured proteins are removed by filtration on large Biichner 
funnels with the aid of Celite (30 gm. of Celite per liter of suspension in 
addition to Celite on filter paper). Fraction II is clear and pale yellow. 

Fraction ITT—1 zinc acetate is added during constant stirring to a final 
concentration of 0.0185 mM, and then 2 n sodium hydroxide is added to bring 
the pH to 7.0 (the volume of 2 ~ sodium hydroxide roughly equals 0.4 
times the volume of 1 M zinc acetate). The suspension is centrifuged at 
1300 X g for 30 minutes (2400 r.p.m., International centrifuge SR-3). 
The clear solution is discarded and the precipitate is washed by suspension 
in 0.05 m sodium acetate buffer, pH 5.0 (0.20 volume, Fraction I) and 
recovered by centrifugation. The washed zinc precipitate is suspended in 
additional 0.05 m acetate buffer (1gth the volume of Fraction I) and then 
dissolved by dropping the pH to 3.5 with 2 n hydrochloric acid (about 0.01 
X the volume of Fraction I). The volume of the pale yellow, opalescent 
solution is measured. 

Fraction IV—The enzymatic activity is precipitated by increasing the 
pH to 4.65 with 2 n sodium hydroxide (about 449 X the volume of Frac- 
tion I). The precipitate collected by centrifugation is extracted with 
0.25 M ammonium citrate, pH 8 (0.25 X the volume of Fraction III). 
After the suspension is thoroughly mixed, it is stirred for 0.5 hour and the 
pH is then raised to 7.6 with 5 M ammonium hydroxide. The suspension 
is stirred overnight in an ice bath in the cold room. The solids are removed 
by centrifugation (1300 * g for 30 minutes) and reextracted with 0.25 m 
ammonium citrate, pH 8.0 (0.15 X the volume of Fraction III). The 
two extracts are combined to give Fraction IV (tan and opalescent). 

Fraction V—Solid ammonium sulfate (A.R. grade) is added to 0.58 
saturation® and the pH is adjusted to 8.0 by the addition of 5 m ammonium 
hydroxide. The 0.58 saturated ammonium sulfate suspension is stirred 
for 10 minutes and allowed to stand for 20 minutes before being filtered 
on a Biichner funnel by use of Celite (weight of Celite equal to 1 gm. per 
100 ml. of Fraction IV). The volume of the clear yellow filtrate is meas- 
ured and solid ammonium sulfate is added to 0.88 saturation. After the 
suspension is stirred and allowed to stand before being filtered on a Biichner 
funnel as above (same quantity of Celite), the enzymatic activity is care- 


5 In this series of papers, the ammonium sulfate added for a given saturation is 
calculated by the formula, w = (0.515 Vi(S2 — S:))/1 — S2(0.272), where w equals 
the weight of ammonium sulfate in gm., Vi is the volume of solution in ml: at 
saturation S;, and Se represents the saturation desired. 
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fully extracted from the Celite with three portions of 0.02 M ammonium 
citrate, pH 7.6. (The total volume of 0.02 mM ammonium citrate used is 
equal to 0.20 X the volume of Fraction IV.) For each extraction, the 
filter cake is suspended with the citrate solution in a beaker before being 
filtered on a Biichner funnel. The combined extract is flow dialyzed with 
stirring for a total of 5 hours in a 0.5 to 3 liter cylinder with the slow intro- 
duction of 12 liters of 0.02 mM ammonium citrate by a tube leading to the 
bottom of the dialysis cylinder. The dialyzed solution is centrifuged to 
remove a trace of precipitate and the protein concentration is determined 
by the biuret reaction (15). 

Fraction VJ—Fraction V is diluted to a protein concentration of 5 mg. 
per ml. with 0.02 mM ammonium citrate, pH 7.6, and solid ammonium sul- 
fate is added to 0.60 saturation. The trace of precipitate is removed by 
filtration on a Biichner funnel with 1 gm. of Celite. The volume of clear, 
yellow filtrate is measured. A freshly prepared solution of silver nitrate, 
0.1 M, is added to a final concentration of 5 X 10-4 M, and the pH is adjusted 
to 6.0 with 1 Nn sulfuric acid. After thorough mixing, the suspension is 
shielded from light and allowed to stand overnight in an ice bath. The 
white to buff-colored precipitate is separated from the yellow solution by 
centrifugation in a Servall centrifuge (15,000 * g for 20 minutes). With 
the tubes in an ice bath, the precipitate is suspended in a volume of 0.2 m 
cysteine-0.05 m sodium cyanide-0.4 M ammonium sulfate at pH 7.6 equal 
to 0.1 the volume of protein solution containing 5 mg. per ml. at the be- 
ginning of this step. After flow dialysis for 5 hours with continuous stir- 
ring in a small beaker against 6 liters of 0.005 m glycylglycine buffer, pH 
7.6, only a small amount of the protein remains insoluble. The insoluble 
protein is removed by centrifugation and the protein concentration of the 
clear, pale yellow solution is determined by the biuret reaction. 

Fraction VI ]—Adsorption of the enzyme on IRC-50 (X E64) is conducted 
under the following final conditions: pH 7.6, 0.005 m glycylglycine, 1 mg. 
per ml. of protein concentration and, at pH 7.6, equilibrated resin® equal 


° The resin, IRC-50 (XE64) (Rohm and Haas Company, Philadelphia, Pennsyl- 
vania), is washed and cycled according to the procedure of Hirs et al. (16). The dry 
weight of the moist resin (acid form) is determined. The resin has been stored up 
to 1 year in a moisture-proof container at 2-4° until needed. During the dialysis of 
the previous step, an amount of resin equal in dry weight to 3.5 times the total pro- 
tein in Fraction V is equilibrated to pH 7.6 with 1 N sodium hydroxide as follows: 
The weighed moist resin and glycylglycine calculated to give a final 40 mg. of dry 
resin per ml. and 0.005 m glycylglycine are stirred in an ice bath as a suspension with 
water equal to half the calculated final volume. The 1 N sodium hydroxide from a 
burette is added at such a rate that the pH as measured by a glass electrode does not 
greatly exceed pH 7.6. The equilibration may take 1.5 hours, and the final pH 7.6 
is measured without stirring. The suspension is made to the volume calculated 
above. 
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to 9.0 times the total weight of the protein. During the adsorption, pH 
7.6 (no stirring) is maintained with 1 N sodium hydroxide during 20 min- 
utes. The resin is separated by centrifuging from the very pale yellow 
supernatant fluids and suspended with 0.005 M glycylglycine, pH 7.6, equal 
to about 2 times the volume of centrifuged resin. To aid filtration, Celite 
equal to one-fifth the dry weight of resin is added and the resin is retained 
ona sintered glass funnel. Cold 0.4 M ammonium citrate, pH 9.9 (volume 
in milliliters equal to about one-tenth the mg. of protein at the resin 
absorption step) is rapidly added with stirring to the moist resin on the 
sintered glass funnel until the pH, as quickly measured with glass electrode 
and at room temperature, does not drop more than 0.1 pH unit from pH 


Fig. 1. Crystals of ATP-AMP transphosphorylase. Photomicrogram obtained at 
room temperature by use of phase contrast. The magnification is indicated by the 
100 w scale. Photographed by Dr. 8. Watson, Department of Bacteriology, Univer- 
sity of Wisconsin. 


8 in 15 seconds. The suspension is filtered in the cold room. The resin 
is reextracted with several portions of 0.4 M ammonium citrate, pH 8, 
equal in total volume to the volume of ammonium citrate (pH 9.9) used. 
The combined eluate is colorless and clear. 

Fraction VIII—The enzyme is recovered from the dilute solution by 
adding solid ammonium sulfate to 0.88 saturation and adjusting the pH 
to 6.05 with 1 ~ sulfuric acid. The suspension is centrifuged at 16,000 
g for 40 minutes. The precipitate is taken up in a minimum of cold water 
(to give 15 mg. per ml. or higher) and centrifuged to remove a trace of 
insoluble protein. 

Fraction [X—Crystals of the enzyme have been obtained at pH 6.05 
and protein concentration of about 15 mg. per ml. by gradually increasing 
the ammonium sulfate saturation to about 0.61. Triclinie crystals have 
been obtained from an amorphous precipitate in the presence of a trace of 
added ADP. Crystals in the form of needles (lig. 1) are obtained more 
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readily in the presence of 2 K 10-4'm EDTA (Table I). Reerystallization 
has not yielded preparations of higher specific activity. Occasionally 
decreased specific activity upon recrystallization suggests that the enzyme 
is somewhat unstable under the conditions. The most satisfactory routine 
preparation used thus far is obtained by dialyzing Fraction VIII against a 
solution of 376 gm. of ammonium sulfate added to 1 liter of 2 K 10-4 M 
EDTA (pH of final solution adjusted to 6.05 at 10° with 1 N sulfuric acid 
or ammonium hydroxide). A heavy precipitate containing poorly formed 
needles is obtained. Apparently protein is precipitated by dialysis of 
water out of the bag as well as by the dialysis of ammonium sulfate into 


TABLE I 
Fractionation of ATP-AMP Transphosphorylase 
Initially, 1.0 kilo of rabbit skeletal muscle. 


| 


Fraction No. Volume | Total protein | Total units | Units per mg. Purification Yield 
| ml, meg. | per cent 
46,000 (206,000) (4.5) (100) 
II 5, 520 167,000 30.2 6.7 
«566 2,670 | 164,000 | 878 | 13 | 
IV 278 1,150 134,000 116 
V | 516: 106,000,205 52 
VI | 86,700 | | 108 | 42 
Vil 80.5 69,200 861 34 
VIII 71.8 62,200 980 218 30 
Crystals* | | 51.5 | 48,300 | 1100 | 244 24 


* Obtained by dialyvzing a solution containing 15 mg. of protein per ml. against 
1 liter of 2K 10°4'mM EDTA and ammonium sulfate gradually increased to 0.61 satu- 
ration. 


the protein solution. After 2 days, the thick paste is centrifuged and 
washed with a small amount of the ammonium sulfate solution. More 
enzyme may be recovered from the mother liquor and wash solution by 
reprecipitating the protein with ammonium sulfate at 0.88 saturation and 
repeating the dialysis against ammonium sulfate. The specific activity of 
the first dialysis precipitate has been found to be equal to that of well 
formed crystals. 

Table I summarizes the results of a typical preparation. The apparent 
enzymatic activity of Fraction I decreases with time and asymptotically 
approaches a value 20 to 30 per cent lower than the initial value after about 
8 hours. This decrease in apparent ATP-AMP transphosphorylase ac- 
tivity may be due to side reactions catalyzed by hydrolyzing or other 
transphosphorylating enzymes involving other nucleotides. The lower 
value is reported. Other fractions were tested for activity within 5 hours. 
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Over-all yields have ranged from 20 to 30 per cent with purification over 
the initial extract of 200- to 250-fold. In practically all preparations the 
final specific activity was found to be within the range, 1000 to 1100 units 


per mg. 


Determination of Enzymatic Activity 


ATP-AMP transphosphorylase activity’: * was determined during the 
development of the fractionation procedure by coupling ATP-AMP trans- 
phosphorylase activity with the ATP-creatine transphosphorylase ac- 
tivity as given in Equation 2 in the presence of excess creatine: 


ATP + Cr > ADP + Cr~P (2) 


The Cr~P formed was determined as inorganic phosphate by the King 
procedure (17), after decomposition in acid-molybdate as previously re- 
ported (2) by a slight modification of the procedure of Fiske and Subbarow 
(18). 

It was found that in very dilute solutions ATP-AMP transphosphoryl- 
ase loses its activity, but is stabilized by protein at a concentration of 
about 1 mg. per ml. or higher. The activity was found to be greater if 
the enzyme is first treated with cysteine. Colowick and Kalckar (9) 
stated that the enzyme “probably contains free —-SH groups which are 
readily oxidized.’”’ The crystallized enzyme protein has been titrated for 
—SH groups (19). All dilutions (1:5000 to 1:2,000,000, depending on 
the activity and the concentration) have been made in one or two dilutions 
by the addition of 10 ul. of enzyme solution to a few ml. of a cold mixture 


7In much of the later work with the purified enzyme, use was made of the pro- 
cedure suggested, by Kalckar (20), utilizing adenosine 5’-phosphate deaminase for 
the determination of ATP-AMP transphosphorylase activity. The time was meas- 
ured for increase in transmission at 265 my from 85 to 95 per cent transmission with 
a Beckman DUR utilizing a Leeds Northrup recorder having an expanded 80 to 100 
per cent transmission scale. The enzymatic activity was found to be inversely pro- 
portional to the time when enzyme dilutions were such as to give times in the range 
80 to 160 seconds. A highly purified preparation of AMP deaminase as reported by 
Lee (21) was used. The final reaction mixture at pH 6 consisted of 0.1 m Na-succinate, 
1.2 10-4m ADP, 1.2 X 107? mM magnesium sulfate, and 20 units per 3 ml. of 5’-adenylic 
deaminase. The reaction was started by the addition of 0.1 ml. of ATP-AMP trans- 
phosphorylase previously diluted in 0.01 m cysteine-0.1 Mm (pH 6) Na-succinate- 
0.1 per cent bovine serum albumin to 2.9 ml. of the appropriate mixture. When 
the over-all dilution of ATP-AMP transphosphorylase, calculated to include that 
for 1 ml. of reaction mixture, was divided by the time in seconds and multiplied by 
the factor 1.05, the values for activity measurements of the fractions were found to 
equal within about 10 per cent the activities as measured by the creatine enzyme 
procedure. 

§ We wish to thank Dr. Ya-Pin Lee of our laboratory for providing us with highly 
purified and later crystallized deaminase preparations. 
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of 0.01 m cysteine and 0.01 m Tris adjusted to pH 8 and containing 1 mg. | 
per ml. of ATP-Cr transphosphorylase. 

As routinely run, 1.6 ml. of a mixture (0.00125 m MgSOu,, 0.050 Tris, 
0.05 M creatine; adjusted to pH 8.0), 0.170 ml. of 0.118 m cysteine neutral- 
ized and made fresh daily, 0.05 ml. of 0.2 per cent ATP-Cr transphos- 
phorylase, and 0.1 ml. 0.04 wm ADP (Na salt) were mixed and warmed in a 
30° bath for 10 minutes, so that any ATP contaminant of ADP might be 
dephosphorylated with the formation of Cr~P. At zero time 0.08 ml. 
of ATP-AMP transphosphorylase, diluted as stated above, was added. 
The Cr~P formed in the zero time and in the sample tubes incubated 
exactly 10 minutes at 30° was determined as inorganic phosphorus. The 
total protein added has been adjusted to the limit of solubility in the 10 
ml. final volume of the molybdate-perchloric acid of the King phosphorus 
determination when the molybdate is added before the perchloric acid. 
It has been found convenient to use a duplicating, plunger type pipette for 
addition of 1 ml. of molybdate, 6 ml. of 8 per cent perchloric acid, and 0.4 
ml. of reducing solution. Tubes calibrated to contain 10 ml. and a flow 
cell made from a Beckman 1 cm. cell served to simplify the determination 
of phosphorus. 

It has been found that under the test conditions the amount of Cr~P 
formed, as determined by corrected inorganic phosphate values, was pro- 
portional to the amount of ATP-AMP transphosphorylase added when 
the amount of phosphate transferred was kept below 0.2 umole per ml. of 
reaction mixture. This corresponds to only about 10 per cent reaction 
of the ADP. 

1 unit of enzyme activity is defined as that amount of enzyme which 
catalyzes the transphosphorylytic reaction between 2 molecules of ADP 
at the rate of 1 umole of ATP formed in 1 minute per ml. of reaction mixture 
as measured by the Cr~P formed under the test conditions (30°, 0.04 m 
Tris, pH 8, 0.001 mM magnesium sulfate, 0.04 m Cr, 0.001 m cysteine, 0.002 
mM ADP, 90 y of ATP-Cr transphosphorylase per ml.). This definition of 
a unit is necessarily restricted to the initial, apparent zero order, portion 
of the reaction, which is only about 10 per cent of the theoretical total 
reaction. One may for convenience correct values beyond this restricted 
region by means of a standard reaction velocity curve. When the reaction 
is restricted to less than 10 per cent, the over-all error has been usually 
found to be less than 7 per cent. 

The stoichiometry of the reaction as catalyzed by a crystallized prep- 
aration of ATP-AMP transphosphorylase has been found to be that shown 
in Equation 1. Specific activity is defined as the units of enzymatic ac- 
tivity per mg. of protein. Protein was determined by the colorimetric 
biuret procedure of Gornall et al. (15), which was standardized by the dry 
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weight determination of dialyzed salt-free enzyme solutions. (The calibra- 
tion factor for the biuret determination at 540 my measured in a spectro- 
photometer for 1 em. light path and 10 ml. total volume has been found to 
he 30.7 mg. per optical density unit.) 


SUMMARY 


1. A method of testing for ATP-AMP transphosphorylase activity by 
use of the ATP-creatine transphosphorylase is described. 

2. The preparation of crystalline ATP-AMP transphosphorylase from 
rabbit skeletal muscle is described. 


We are indebted to Dr. J. Fischer for assistance given during the early 
phases of this study and to Mr. A. Jose for helpful participation during the 
course of part of this research. 

We wish to express our gratitude to Professor H. A. Lardy for his con- 
tinued interest and support. 
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Crystalline muscle ATP-AMP transphosphorylase,! prepared as described 
in the previous report (2), was used in studies of homogeneity. Some 
physical and chemical properties of the protein were determined as sum- 
marized in Table I. 


Homogeneity Studies 


Electrophoretic Studies—Analyses of the protein were made by electro- 
phoresis in a Perkin-Elmer instrument at pH values from 5.5 to 8.3 in 
acetate, cacodylate, phosphate, and Veronal-sodium chloride buffers. The 
ionic strength was 0.1 in all cases and protein concentration was 6 to 15 
mg. per ml. Typical patterns are given in Fig. 1 and show only a single 
boundary. In Table II are given the results of electrophoretic runs. The 
isoelectric point appears to be about pH 6.1, according to mobilities in 
buffer indicated in Table II, but this may be in considerable error because 
of possible specific binding effects of phosphate and because of limitations 
of the apparatus. By comparison, Callaghan (3) has reported the isoelec- 
tric point as pH 4.3 as determined by paper electrophoresis, but he does 
not state whether the mobilities have been corrected for electroosmotic 
movement which may introduce large errors (4). 

Sedimentation—The Spinco model FE ultracentrifuge with temperature 
control was used for sedimentation velocity runs at 25° in 0.15 M potassium 
chloride-0.01 mM potassium phosphate, pH 7.02. As shown in Fig. 2, there 
is only a single sedimenting boundary during the entire time of the run. 


* A report of this work was presented at the meeting of the American Society of 
Biological Chemists, April, 1956 (1). Grateful acknowledgment is made for support 
of this investigation from the National Science Foundation, grant No. NSF-G1809, 
from the University of Wisconsin Research Committee, and from the Pabst Labora- 
tories. 

+ Present address, Naval Medical Research Institute, Bethesda, Maryland. 

'The abbreviations used are the same as those in Paper I of this series. 
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TABLE I 


Physical and Chemical Properties 


Isoelectric point 

Sedimentation constant,* S2;°, (0% protein) 

Diffusion constant,* D2;°, (0.77% protein) 

Refractive index increment,* (An/Ac).2;°, for \ = 
5460.7 X 1078 cm. 

Mol. wt., Me.a 

Apparent specific volume, V*2;° 

Frictional ratio, f/fo 

Nitrogen content 

Ash content 

Total phosphorus content | 

Extinction coefficient, Ev. (279 my, pH 6.9, 
phosphate buffer) 

Extinction coefficient, EF mol. (279 mz, pH 6.9, 
phosphate buffer) 


pH 6.1 


2.30 X 107!3 see. 
1.7. X 10-3 (gm. per 100 ml.)™ 


2.1 X 10 


* Measured in 0.15 M potassium chloride-0.01 mM potassium phosphate, pH 7.0. 


pH 5.52 


pH 7.72 


Fic. 1. Electrophoresis patterns of Sore enzyme. 
for 180 minutes in a Perkin-Elmer model No. 38 electrophoresis apparatus at a pro- 
tein concentration of about 0.8 per cent and ionic strength of 0.10. The bases of the 


arrows indicate approximate boundary starting positions. 


The runs were made 


The buffers used were 


sodium acetate, pH 5.52; cacodylate-sodium chloride, pH 6.04; and sodium phosphate 


pH 7.72, ionic strength 0.1. 


| 
| 0.732 
1.15 
| 16.4% 
0.13% | 
0.004% 
5.3 
| 
X 10! 
XUM 
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Diffusion? Measurements of diffusion based on relative spacings of the 
fringe pattern at 25.0° by use of the interferometric Gouy diffusiometer 


TABLE II 
Electrophoretic Mobility as Function of pH 
0. 
Mobility 10° 
Field st th 
volts per em, 
| 6.85 | 11.4 —1.00 
NaCl 6.04 | 6.83 | +0.310 
5.60 | 9.45 | +1.21 
5 5.52 | 9.93 +1.30 


Fic. 2. Sedimentation velocity patterns of crystallized enzyme. Runs were made 
in a Spinco model FE ultracentrifuge with temperature control at 25°, in a cell of 12 
mm. optical path, exposures at 16 minute intervals, 59,780 r.p.m., 1.29 per cent pro- 
tein, and 0.15 M potassium chloride-0.01 mM phosphate buffer, pH 7.02. 


(5) showed the protein to be homogeneous within the limits of error of 
measurement. 
Chromatography-— Vig. 3 shows ATP-AMP transphosphorylase activity 
2? We wish to thank Professor Louis J. Gosting of the Department of Chemistry 
and the Enzyme Institute, University of Wisconsin, for these measurements and cal- 
culations. 
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and mg. protein plotted against the tube number during gradient elution 
from an IRC-50 (XE64) resin column. The fact that the activity and 
the protein curves are completely superimposable indicates that there is 
only a single detectable protein component. The slight asymmetry of the 
curves may be due to the method of operating the column, including such 
factors as non-uniformity of packing and possibly non-uniformity of flow 
rate. 

Enzymatic Purity Crystallized ATP-AMP  transphosphorylase prep- 
arations have been tested and found to be free from the following enzymatic 
activities: ATP-Cr transphosphorylase, AMP-ase, ADP-ase, Mgtt- and 


UNITS/ mI. x 1072 
W 


30 70 
TUBE NUMBER 


hia. 3. Gradient elution chromatography from IRC-50 (X64) resin column 
9X 30 mm., at 3°. Protein equal to 17.7 mg. was placed on the equilibrated column 
and eluted with 1M sodium citrate-0.02 M cysteine, pH 7.3, slowly added in a closed 
system to 25 ml. of 0.2 M sodium citrate-0.02 M cysteine, pH 5.35, in mixing chamber. 
1.5 ml. per tube. ©, mg. of protein per ml. of eluate. @, units of enzyme per ml. 
of eluate. 


Cat+-activated ATPase, [1DPase, 5’-adenylie acid deaminase, aldolase, 
hexokinase, and fructokinase. 


Chemical Analyses 


The nitrogen content of this crystalline protein has been found to be 
16.4 per cent. The ash from a thoroughly dialyzed sample was about 0.15 
per cent and the total phosphorus was 0.004 per cent. (This is less than 
1 gm. of P per 21,000 gm. of protein.) 

In Fig. 4 is shown the ultraviolet absorption spectrum in 0.01 mM sodium 
phosphate buffer, pH 6.9. The absorption maximum is at 279 my, and 
shoulders on the curve are apparent at 285 and 260 my. The ratio of 
absorbances at 279 my /260 mp = 2.53.5 at pH 6.9. 

Titration for sulfhydryl groups* by silver according to the method of 
Benesch, Lardy, and Benesch (6) in the presence or absence of 8 M urea 
required about 2.1 equivalents of Ag? per 21,000 gm. of protein. Thus it 


*We wish to thank Professor Henry A. Lardy for making these titrations. 
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would appear that there are two —SH groups (both directly titratable) 
per mole of ATP-AMP transphosphorylase. 


Determination of Molecular Weight 


The sedimentation and diffusion constants were determined under iden- 
tical conditions in order to minimize corrections. The sedimentation 
constant at 25° in 0.15 M potassium chloride-0.01 M potassium phosphate 
at pH 7.02 was calculated to be 2.22 K 10-" at 12.9 mg. per ml., 2.25 X 
10-8 at 6.45 mg., and 2.28 &K 10-" at 3.23 mg. per ml. The extrapolated 
value at zero protein concentration for this buffer was estimated to be 
2.30 X 107" sec. (1.7 K 10-" uncorrected, has been reported by Callaghan 


(3)). 


260 280 300 320 340 
WAVE LENGTH (my) 


Fic. 4. Ultraviolet absorption spectra of ATP-AMP transphosphorylase in 0.01 
M phosphate buffer, pH 6.9, taken with Cary model No. 11 recording spectrophotom- 
eter at protein concentration of 1.50 mg. per ml. 


Using the same salt-buffer solution at 25° for the diffusion measurements 
by the interferometric Gouy diffusiometer method (5), Professor Louis J. 
Gosting calculated the diffusion constant to be 1.0 10-® 
For the 0.15 m potassium chloride-0.01 mM potassium phosphate, pH 7, at 
25°, the density is estimated to be 1.0051 and the specific viscosity 1.008, 
based on the data of Jones and Talley (7) and the International Critical 
Tables. The apparent specific volume at 25° has been found to be 0.73 
ml. per gm. By using the above data and calculating in the usual manner, 
a molecular weight (M,,a) of 2.1 X 104 is obtained. 

The molar frictional ratio, f/fo, has been calculated from the above data 
to be 1.15. 

EXPERIMENTAL 


Once crystallized ATP-AMP transphosphorylase was prepared by the 
routine procedure described in Paper I (2). The specific activity was 1100 
units per mg. 
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Electrophoretic studies were made in a Perkin-Elmer electrophoretic appa- 
ratus model No. 38 in a 2 ml. cell with open top and electrode section. 
Mobility values reported are thus subject to some error due to movement 
of water along with the ions. The protein solutions were dialyzed with 
stirring against two 1 liter portions of buffer at 3°. Measurements were 
made on the buffer after the conductivity cell was temperature equilibrated 
in the electrophoretic cell bath; pH measurements of buffer were made with 
a glass electrode at 10°. Mobilities were calculated in the usual manner 
(8, 9) from measurements to the center line of the boundary. 

Sedimentation velocity? runs were made in a Spinco model FE with tem- 
perature control at a rotor temperature of 25°. The protein sample was 
dialyzed versus two 1 liter portions of 0.15 M potassium chloride-0.01 m 
potassium phosphate, pH 7.02, at 3°. For the more dilute protein samples, 
the dialyzed sample was diluted with measured amounts of the dialysis 
buffer solution. Sedimentation constants for the protein were calculated 
without correcting for the salt-buffer solution. However, the density as 
well as the viscosity is nearly equal to that for water. 

Diffusion measurements were made at 25.0° and at a protein concentra- 
tion of 7.7 mg. per ml. by Professor Gosting in a Gouy diffusiometer with 
a portion of the same protein solution dialyzed for the sedimentation meas- 
urements. Gouy fringe photographs of the diffusing boundary were taken 
at 4170, 6090, 10,740, 16,920, 28,500, 64,910, and 75,900 seconds. The 
average diffusion coefficient measured by the area-maximal height method 
at different times was extrapolated to 1/t = O in order to eliminate the 
effects of imperfections in the starting boundary. The diffusion constant 
was not corrected for the effects of salt and buffer. 

Chromatography was run on IRC-50 (XE64) resin, treated as reported 
by Hirs et al. (10) and equilibrated to pH 5.35 in the presence of 0.2 M cit- 
rate-0.02 mM cysteine by the addition of sodium hydroxide. A column of 
resin 9 mm. X 30 mm. was packed and washed overnight with 100 ml. of 
0.2 m citrate-0.02 mM cysteine, pH 5.35, in a cold room at 3°. 1 ml. of a 
crystallized enzyme preparation containing 17.7 mg. and 1100 units per 
mg. was placed on the column. The mixing chamber for gradient elution 
contained 25 ml. of 0.2 mM citrate-0.02 M cysteine, pH 5.35, and the reservoir 
contained 1 mM Na-citrate-0.02 M cysteine, pH 7.3. 1.5 ml. portions per 
tube were collected in a fraction collector at 3° + 1° with the flow rate ad- 
justed to about 2 ml. per hour. Solutions were analyzed for activity and 
for protein (2). 

Chemical Analysis and Ultraviolet Absorption—The enzyme solution was 
flow-dialyzed against 6 liters of 0.01 Mm Na-succinate buffer, pH 5. Deter- 


4 We wish to thank Professor Robert Baldwin of the Department of Biochemistry 
and the Department of Dairy Industry for generous assistance. 


L. NODA AND S. A. KUBY 557 


minations of total solids were made by drying aliquots (50 to 60 mg.) at 
70°, 28 inch vacuum to constant weight (+0.01 mg.) in ignited and tared 
platinum crucibles. - 10 ml. of buffer solution were treated in the same way 
to serve as control for dry weight as well as for ash. Ash was determined 
by igniting the platinum crucible which was placed in a second crucible. 
The weight was constant to 0.02 mg. for the last three weighings. 
Nitrogen was determined by the semimicro-Kjeldahl method of Hiller 
etal. (11), utilizing a modified Parnas distillation apparatus. 
Total phosphorus was determined by a modification of King’s procedure 
(12) on the ash which had been dissolved and heated with perchloric acid. 
Apparent Partial Specific Volume—Densities of dialyzed protein solution 
and buffer were determined in a calibrated 3.5 ml. pycnometer blown from 
Pyrex glass in the manner described by Anderson (13). A bath at 25° + 
0.05° was used for equilibration of the pycnometer, and weighings of the 
filled, temperature-equilibrated pycnometer were carried out on a semi- 
micro balance to the nearest 0.05 mg. Weighings were reproducible to 
0.2 mg. Protein was determined by the biuret procedure (14). The ap- 
parent partial specific volume was calculated according to Kraemer (15). 
Ultraviolet absorption measurements were made in 0.01 m phosphate 
buffer, pH 6.9, with a Cary recording spectrophotometer, model No. 11, 
as shown in Fig. 4. The absorbance curve at pH 4.7, 0.01 m acetate buffer, 
was essentially superimposable on the curve obtained at pH 6.9. 


SUMMARY 


1. Crystalline muscle ATP-AMP transphosphorylase has been found to 
satisfy the following criteria of homogeneity: electrophoresis, sedimenta- 
tion, diffusion, chromatography, and freedom from certain enzymatic 
activities. 

2. The physical and chemical properties of the protein which have been 
determined include electrophoretic mobility under a variety of conditions, 
isoelectric point, sedimentation and diffusion constants, apparent partial 
specific volume, molecular weight, nitrogen and ash content, sulfhydry! 
groups, and ultraviolet extinction coefficients. 


We wish to express our sincere gratitude to Professor Henry A. Lardy 
for his continued interest and support. 
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Although studies on the degradative metabolism of hydroxyproline have 
revealed that this amino acid is converted at least in part to glutamic acid 
(1-6), knowledge of the intermediates in this conversion and of other prod- 
ucts of hydroxyproline metabolism is not yet complete. In the course of 
experiments on the metabolism of hydroxyproline, it was observed that 
incubation of hydroxyproline with kidney preparations led to the formation 
of a compound which we have identified as pyrrole-2-carboxylic acid (PCA) 
(7)... Subsequent study revealed that kidney D-amino acid oxidase oxi- 
dizes hydroxy-p-proline and allohydroxy-p-proline to an intermediate com- 
pound which appears to be A!-pyrroline-4-hydroxy-2-carboxylic acid. The 
intermediate is spontaneously converted (at pH 8.3) to PCA; this conver- 
sion occurs much more rapidly in acid solution. PCA formation was also 
observed as a product of transamination of y-hydroxyornithine with gly- 
oxylate, pyruvate, or a-ketoglutarate. The evidence suggests that such 
transamination, in contrast to that of ornithine (8, 9), involves the a-amino 
group rather than the 6-amino group. 

This report describes experiments on the formation of PCA by enzy- 
matic oxidation, by enzymatic and non-enzymatic transamination, and 
also by non-enzymatic oxidation of hydroxyproline by hydrogen peroxide. 
Some implications of these findings in terms of the metabolism of hydroxy- 
proline are discussed. 


EXPERIMENTAL 
Materials and Methods 


p-Amino acid oxidase was prepared from sheep kidney according to 
Negelein and Brémel (10), and the designations of the enzyme fractions 
used in the present work are those of the above investigators. Crystalline 


* This investigation was supported in part by research grants from the National 
Heart Institute, National Institutes of Health, Public Health Service, and the Na- 
tional Science Foundation. 

t Traveling Scholar of the J. N. Tata Endowment, India. 

1 This finding has been confirmed by G. Letelier and L. P. Bouthillier (personal 
communication). 
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beef liver catalase was obtained from the Worthington Biochemical Cor- 
poration, and flavin adenine dinucleotide (FAD) was purchased from the 
Sigma Chemical Company. Allohydroxy-p-proline was purchased from 
the Nutritional Biochemicals Corporation. Samples of hydroxy-p-proline, 
y-hydroxvornithine (70 per cent hydroxy-L-ornithine plus 30 per cent 
allohydroxy-p-ornithine), and 6-hydroxy-y-aminobutyric acid were gener- 
ously provided by Dr. Jesse P. Greenstein, Dr. Bernhard Witkop, and 
Dr. George Wolf, respectively. 


TABLE I 


Paper Chromatographic Systems and Rp Values 


Rp values (X 100) 


Solvent Composition 


Hydroxy: | ‘amine’ 
acid butyric 
acid 
—n-Butanol-acetic acid-water (4:1:1) 16 S6 27 
2 Formic acid-tert-butanol-water (15:- 40 S7 50 
75:15) 
3 | Pyridine-water (80:20) 51 SS 
4 Phenol (saturated with 10% NaeCQs) 62 66 
5 Methyl ethyl ketone-fert-butanol- 7 95 17 
formic acid-water (16:16:0.1:3.9) 
6  Lutidine-water-ethanol-diethylamine 24 62 35 19 
(55125:20:1) | | 
7 | Pyridine-water-methanol (4:20:80) 48 
S$ | Ethyl aleohol-water (77:23) 44 74 55 33 
9 | n-Propanol-water (80:20) 20) S1 40 17 
10 ~Ethanol-water (90:10) 10 


*X = intermediate in pyrrole-2-carboxylic acid formation (see the text). 


Ascending paper chromatography on Whatman No. 1 paper was carried 
out with the solvent systems listed in Table I. The spray reagent used 
to reveal the position of PCA was prepared by dissolving 10 gm. of p- 
dimethylaminobenzaldehyde in 100 ml. of concentrated hydrochloric acid. 
This solution was diluted with 9 volumes of acetone immediately prior to 
use. Hydroxyproline was detected by spraying the paper with the com- 
bined isatin reagent of Jepson and Smith and then with the p-dimethyla- 
minobenzaldehyde reagent (11). 

Enzymatic Oxidation of Hydroxyproline to Pyrrole-2-carboxylic Acid— 
Initial studies revealed that, when crude hog kidney preparations were 
shaken in air with allohydroxy-p-proline or hydroxy-b-proline, a new com- 
pound was formed which moved more rapidly than did hydroxyproline in 
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several paper chromatographic systems. This compound could be re- 
vealed on chromatograms sprayed with Ehrlich’s reagent, but did not 
yield color when treated with ninhydrin. [Further work indicated that 
the formation of the new compound was catalyzed by p-amino acid oxidase 
in the presence of catalase, and subsequent studies were therefore carried 
out with preparations of purified oxidase. | 

Isolation of the product of oxidation of allohydroxy-p-proline was ac- 
complished as follows. A mixture consisting of allohydroxy-p-proline 
(1 gm.), D-amino acid oxidase (Fraction II, 200 ml.), FAD (600 y), erystal- 
line catalase (15,000 units), and sodium pyrophosphate (0.023 mole) in a 
final volume of 230 ml. was placed in a water bath at 37°, and a stream of 
oxygen was bubbled continuously into the solution; foaming was controlled 
with a few drops of capryl alcohol. The initial pH was 8.3. After 3 hours, 
additional quantities of oxidase (160 ml.), FAD (600 y in 20 ml. of water), 
and catalase (15,000 units in 10 ml. of water) were added, and the stream 
of oxygen was continued for 18 hours at 37°; only traces of hydroxyproline 
could then be detected. ‘The reaction mixture was acidified to Congo red 
paper, and the precipitated protein was removed by centrifugation. The 
supernatant solution was extracted five times with an equal volume of 
ether, and the combined ether extracts were dried over sodium sulfate. 
Upon evaporation, a yellow crystalline residue weighing 590 mg. was ob- 
tained which, after decolorization with Norit, was recrystallized from 
ethanol-petroleum ether. The yield of recrystallized material was 510 mg. 
(60 per cent). Calculated, for C;H;O.N, C 54.1, H 4.5, N 12.6; found, 
C 54.0, H 4.5, N 12.6. 

The elemental analyses were consistent with the empirical formula of 
PCA, and further characterization supported the belief that the isolated 
material was indeed this substance. The melting point was 189° (dec.), 
and a mixed melting point carried out with a synthetic sample of PCA 
(obtained through the courtesy of Dr. Bernhard Witkop) gave no depres- 
sion. Paper chromatography with several solvent systems (Table I) re- 
vealed identical Ry values for the isolated and synthetic samples. The 
infrared (3 to 15 w; in potassium bromide pellets) and ultraviolet absorp- 
tion curves (lig. 1) of the isolated and synthetic compounds were identical. 
The molar extinction coefficients of PCA in pyrophosphate buffer and in 
0.1 N hydrochloric acid are 12,700 (A,2x%) and 15,100 (ar). respectively. 

Catalytic reduction of the isolated material and of an authentic sample 
of PCA gave proline as the major product. For this purpose, the com- 
pound (10 mg.) was dissolved in 0.5 ml. of water, aqueous ethanol, or ab- 
solute ethanol, and 10 mg. of platinum oxide catalyst were added. Re- 
duction was carried out for 18 hours in a Parr hydrogenator at 40 pounds 
pressure at 26°. Paper chromatographic study then revealed the forma- 
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tion of considerable quantities of proline, smaller amounts of a-aminovaleric 
acid, and three other ninhydrin-reacting substances which were present in 
trace amounts and were not further investigated. The formation of a- 
aminovaleric acid was confirmed by chromatography in a variety of sol- 
vents, and it was also found that proline? itself gave a-aminovaleric acid 
when hydrogenated under these conditions. The reduction of PCA pro- 
ceeded to about 30 per cent of completion; considerable quantities of un- 
changed PCA remained after hydrogenation, even when very large quan- 
tities of catalyst were added. Reduction of PCA to proline was also 
observed after hydrogenation at ordinary pressure with palladium catalyst. 

Initial Product of Hydroxyproline Oxidation—The observation that PCA 
exhibits a high characteristic absorption in the ultraviolet region (Fig. 1) 
made it possible to follow the reaction spectrophotometrically. Experi- 
ments were carried out in which mixtures consisting of purified oxidase, 
crystalline catalase, and substrate were shaken in the Warburg apparatus. 
The oxygen uptake was recorded manometrically, and samples of the re- 
action mixtures were diluted with buffer and examined in a Cary recording 
spectrophotometer. These studies revealed that only a small fraction of 
the oxidized hydroxyproline could be accounted for as PCA. However, 
spectrophotometric studies after acidification of the reaction mixtures in- 
dicated that the formation of PCA and the oxygen consumption were 
stoichiometrically related. In the experiment in Fig. 2, after 1 hour of 
incubation, the reaction mixture was diluted with 0.1 N hydrochloric acid. 
The absorption immediately after dilution with acid (Curve 2) revealed 
evidence consistent with the presence of some PCA. Upon standing at 
26°, the absorption of the acidic solution increased progressively to a max- 
imum in 5 hours. Calculation of PCA from the maximal absorption ob- 
served (Curve 5) showed the presence of 4.3 wmoles of PCA, in good agree- 
ment with the data for oxygen uptake (Fig. 2). These results suggest 
the formation of an intermediate compound which was converted to PCA 
upon acidification. 

Further evidence for the formation of an intermediate compound was 
obtained by a paper chromatographic study of the reaction mixtures at 
neutral or alkaline values of pH. Thus, chromatography in Solvents 3, 6, 
8, 9, and 10 (Table I) provided evidence for a new compound which was 
demonstrated by spraying the paper with Ehrlich’s reagent. Since this 
reagent is dissolved in concentrated hydrochloric acid, it is probable that 


2 Commercial preparations of L-proline were found to contain traces of hydroxy- 
proline which were removed by cellulose column chromatography. The column was 
prepared with cellulose powder (Whatman No. 1) and developed with a solvent con- 
taining butanol, acetic acid, and water (4:1:1). The first fractions of the eluate 
contained only proline; these were combined and evaporated, and the proline was 
recrystallized from ethanol-petroleum ether. 
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the actual color-producing material is PCA formed on the paper at the 
time of spraying. The chromatographic studies carried out at neutral or 
alkaline pH showed some PCA, a finding consistent with the ultraviolet 
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Fic. 1. Ultraviolet absorption curves of pyrrole-2-carboxylic acid (32.1 XK 10-® 
mM). Curve 1, in 0.1 ~ hydrochloric acid; Curve 2, in 0.1 mM sodium pyrophosphate 
buffer (pH 8.3); Curve 3, in water. 

Fic. 2. Spectrophotometric evidence for the conversion of an intermediate to 
pyrrole-2-carboxylic acid. The reaction mixture consisted of purified enzyme (Frac- 
tion II, 0.25 ml.), crystalline catalase (75 units), FAD (35 7), sodium pyrophosphate 
buffer of pH 8.3 (0.8 ml. of 0.1 mM), allohydroxy-p-proline (25 wmoles) in a final volume 
of 1.15 ml. The mixture was shaken in a Warburg vessel at 37° for 1 hour; at this 
time 53.6 wl. of oxygen had been absorbed, corresponding to the oxidation of 4.8 
umoles of substrate. The absorption curves were obtained at various intervals after 
dilution with 79 volumes of 0.1 N hydrochloric acid. Curve 1, initial absorption of 
the mixture prior to enzymatic oxidation; Curve 2, initial absorption after enzymatic 
reaction; Curve 3, absorption 30 minutes after dilution with hydrochloric acid; Curve 
4, absorption 1 hour after dilution with acid; Curve 5, absorption 5 hours after dilu- 
tion with acid (maximal absorption). 


absorption data. ‘These observations indicate that the intermediate is 
slowly converted to PCA at neutral or slightly alkaline pH. 

Catalytic reduction of reaction mixtures (see Fig. 1, legend) containing 
the intermediate resulted in formation of hydroxyproline. In these studies, 
0.05 ml. of the reaction mixture (at pH 8.3) and 10 mg. of catalyst (plati- 
num oxide or palladium on charcoal) were hydrogenated for 30 minutes at 
20 pounds pressure and at 26°. After removal of catalyst, paper chroma- 
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tography revealed the presence of hydroxyproline; no intermediate was 
detected after hydrogenation. Evidence that the same intermediate arises 
in the course of enzymatic and non-enzymatic transamination of y-hydroxy- 
ornithine and in the non-enzymatic oxidation of hydroxyproline by hydro- 
gen peroxide is presented below. 

Conversion of Hydroxyproline to B-Hydroxy-y-aminobutyric Acid—In 
studies with highly purified p-amino acid oxidase possessing very low cata- 
lase activity, it was found that oxidation of hydroxyproline gave only 
traces of PCA. When crystalline catalase was added to such oxidase 
preparations, oxidation of hydroxyproline gave equimolar quantities of 
PCA. Such experiments also revealed that twice as much oxygen was 
consumed in the absence of catalase as in its presence. The observation 
that 1 mole of carbon dioxide was formed for each mole of substrate oxi- 
dized in the absence of catalase was consistent with observations on the 
oxidation of other amino acids, which indicate that the resulting a-keto 
acid is decarboxylated by peroxide to yield the next lower homologous 
acid. Thus, enzymatic oxidation of L-glutamine in the absence of catalase 
has been employed for the preparation of succinamic acid (12). The 
formation of 8-hydroxy-y-aminobutyric acid by oxidation of allohydroxy- 
p-proline in the absence of catalase was demonstrated by paper chromatog- 
raphy in the solvent systems listed in Table I; in each case the enzymati- 
cally formed compound gave a ninhydrin-positive spot whose Ry value 
was identical with that of an authentic sample of 8-hydroxy-y-aminobutyric 
acid. Similarly, oxidation of proline by p-amino acid oxidase preparations 
low in catalase activity gave y-aminobutyric acid. 

Non-Enyzmatic Formation of Pyrrole-2-carboxrylic Acid by Oxidation of 
Hydroxyproline with Hydrogen Peroxide—The finding that PCA is the major 
product of enzymatic oxidation of hydroxyproline suggested an examination 
of the product of the oxidation of hydroxyproline by hydrogen peroxide in 
the presence of alkaline copper sulfate. This reaction forms the basis of a 
method for the quantitative determination of hydroxyproline (13, 14). 
When hydroxyproline was oxidized under these conditions, spectrophoto- 
metric evidence for the formation of PCA was obtained after acidification. 
Chromatographic evidence was obtained for the formation of an intermedi- 
ate possessing the same Ry value as that observed for the intermediate in 
enzymatic oxidation. Catalytic reduction of this intermediate, carried out 
as described above for the enzymatically formed compound, also gave 
hydroxyproline. Upon acidification, the intermediate product was rapidly 
converted to PCA. PCA was isolated from the oxidation mixture as 
follows: A reaction mixture consisting of hydroxy-L-proline (1 gm.), copper 
sulfate pentahydrate (1.25 gm.), sodium hydroxide (50 gm.), and hydrogen 
peroxide (100 ml. of a 3 per cent solution) in a final volume of 400 ml. was 
shaken for 5 minutes at 26°. Ferrous sulfate solution (20 ml. containing 
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13.9 gm.) was then added, and the pH was adjusted to 3.9 by addition of 
glacial acetic acid; the pH was further adjusted to approximately 2 by 
cautious addition of concentrated hydrochloric acid. The mixture was 
extracted with several portions of ether, and the combined ether extracts 
were evaporated in vacuo to give 560 mg. of a crude product which was 
homogeneous on paper chromatograms in several solvents. After decolor- 
ization with Norit, the product was recrystallized from ethanol-petroleum 
ether; vield, 520 mg. (61 per cent). The ultraviolet absorption curves, 
chromatographic behavior, and melting point of the isolated material were 
identical with those of an authentic sample of PCA. 

When oxidation of hydroxyproline with peroxide, carried out as de- 
scribed above, was followed by acidification in the presence of hydrogen 
peroxide (7.e., ferrous sulfate treatment was omitted), considerable quanti- 
ties of 8-hydroxy-y-aminobutyric acid were formed as determined by paper 
chromatography. 

The reported lack of reproducibility of the hydrogen peroxide oxidation 
method for hydroxyproline (14) may be related to the instability of PCA 
in strong mineral acids. Although PCA is relatively stable in 0.1 Nn HC] 
(less than 2 per cent is destroyed per hour), it is rapidly decomposed in 
more concentrated acid solution. The present findings may provide a 
useful basis for establishing optimal conditions for the quantitative deter- 
mination of hydroxyproline by the Neuman and Logan (13) colorimetric 
procedure. 

Transamination of y-Hydroxyornithine with a-Keto Acids—Non-enzy- 
matic transamination between y-hydroxyornithine and glyoxylic acid was 
carried out in the presence of 0.001 mM aluminum ion at pH 4.9 and 100°, 
by the general procedure of Metzler and Snell (15); paper chromatographic 
study revealed formation of both PCA and glycine. Similar experiments 
were carried out with y-hydroxyornithine and pyridoxal; formation of 
pyridoxamine and PCA was demonstrated. An analogous enzymatic 
transamination reaction has also been observed (Table II). In these 
studies, a rat liver preparation was incubated with y-hydroxyornithine and 
a-ketoglutarate, pyruvate, or glyoxylate. In each instance, the corre- 
sponding amino acid was formed, and the presence of PCA wasdemonstrated 
chromatographically and the amount determined by spectrophotometric 
measurement.’ 

Transamination involving the a-amino group of y-hydroxyornithine 
would be expected to yield initially A'-pyrroline-4-hydroxy-2-carboxylic 
acid, 7.c. the same intermediate formed in the course of enzymatic oxida- 
tion of hydroxyproline. On the other hand, transamination involving the 
§-amino group of y-hydroxyornithine would yield y-hydroxyglutamic-y- 


* Preliminary studies of transamination between y-hydroxyornithine and glyoxy- 
late were reported (16). 
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semialdehyde. Evidence for the formation of the latter compound has 
been obtained by Taggart and Krakaur (17) and by Lang and Mayer (18). 
These workers observed the formation of a compound with the properties 
of y-hydroxyglutamic-y-semialdehyde after oxidation of hydroxy-.-proline 
by liver and kidney particle preparations. We have carried out similar 
experiments with rat kidney, dog liver, and rabbit kidney preparations. 
After incubation, the reaction mixtures were acidified and chromato- 
graphed; no evidence for the presence of PCA was obtained. 

The reaction mixtures were also treated (at neutral pH) with a solution 
of o-aminobenzaldehyde, and the resulting highly colored yellow compounds 


TABLE II 
Enzymatic Transamination of y-Hydroxyornithine* 


a-Keto acid | Py wap pene lic Amino acid formationt 
e-Meteminutaric.................... | 0.35 | Glutamic acid 
| 0.48 | Glycine 


* The reaction mixtures consisted of 5 umoles of y-hydroxyornithine, 5 uzmoles of 
the sodium salt of the a-keto acid, and 0.1 ml. of enzyme preparation (rat liver ho- 
mogenate; 1 gm. of fresh tissue per 3 ml. of 0.1 M potassium phosphate buffer, pH 
7.4) in a final volume of 0.25 ml. of potassium phosphate buffer (0.1 mM, pH 7.4). The 
mixtures were incubated for 2 hours at 37°. No PCA was formed with a-ketogluta- 
rate and pyruvate in the absence of enzyme. PCA formation with glyoxylate and 
y-hydroxyornithine occurred in the absence of enzyme at about 10 per cent of the 
rate observed with the enzyme. 

tT Observed by paper chromatography. 


(presumably the dihydroquinazolinium derivative formed by condensation 
of o-aminobenzaldehyde and the A'-pyrroline compound (19, 20)) were 
chromatographed in several solvents together with the intensely colored 
yellow compound formed by the reaction of o-aminobenzaldehyde with the 
intermediate formed in the oxidation of hydroxyproline by p-amino acid 
oxidase. The Ry values of these o-aminobenzaldehyde derivatives were 
sufficiently different to justify the conclusion that the products of these 
reactions were not identical. The absence of PCA formation in these 
experiments is also consistent with this conclusion. 


‘The Rr values of the o-aminobenzaldehyde derivative obtained in the oxidation 
of hydroxy-t-proline by kidney particle preparations were, respectively, 0.42, 0.24, 
and 0.03, with Solvents 8, 9, and 1 (Table I). The corresponding values for the 
derivative of the compound formed in the oxidation of allohydroxy-p-proline by p- 
amino oxidase were, respectively, 0.60, 0.47, and 0.22. 
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Enzymatic Conversion of Hydroxy-xt-proline to Pyrrole-2-carboxylic Acid— 
These experiments were carried out with a soil bacterium, provisionally 
considered to be a Pseudomonas, which was selected by growth on hydroxy- 
L-proline as the sole organic substrate by Dr. Elijah Adams.° It has been 
reported by Adams (5) that resting cells of this organism as well as extracts 
of such cells are capable of utilizing either hydroxy-.-proline or allohydroxy- 
p-proline. Such utilization is associated with the formation of glutamate; 
glutamate formation, however, corresponds to only about one-half of the 
hydroxyproline which disappears. In our experiments, cells of the Adams 


TaBLeE III 


Formation of Pyrrole-2-carboxylic Acid from Hydroxy-u-proline 
and Allohydrozry-p-proline by Soil Bacterium* 


Pyrrole-2-carboxylic acid formation 
Enzyme preparation 


Hydroxy-t-proline Allohydroxy-p-proline 
pmoles umoles 
Medium 1, cell suspension.................. 0.32 0.80 
“1, broken cell suspension........... 1.02 1.94 
2, cell suspension. ................. 0.92 1.60 
4 2, broken cell suspension........... 1.60 2.40 


* The reaction mixtures consisted of hydroxy-.-proline or allohydroxy-p-proline 
(20 upmoles) ; enzyme preparation 0.3 ml.; buffer (potassium phosphate 0.1 mM, pH 8.0) 
in a final volume of 0.8 ml. The mixtures were incubated at 37° for 4 hours. The 
cells were grown for 20 hours at 37° with shaking; the cells were harvested by cen- 
trifugation and thoroughly washed with ice-cold water and suspended in about 15 
ml. of water. Broken cell suspensions were obtained by treatment for 10 minutes in 
a sonic oscillator (Raytheon). Medium 1 was that of Davis and Mingioli (21); 
Medium 2 (Adams) consisted of dipotassium hydrogen phosphate, 1.5 gm.; potas- 
sium dihydrogen phosphate, 0.5 gm.; magnesium sulfate, 0.2 gm.; yeast extract, 0.5 
gm.; hydroxy-u-proline, 1 gm.; final volume 1 liter. 


strain were grown on a hydroxy-t-proline-enriched medium and also on the 
medium of Davis and Mingioli (21). Experiments were carried out with 
resting cells which had been thoroughly washed by centrifugation with 
ice-cold water and also with preparations of such cells after disruption of 
the cell walls by sonic oscillation. The results of several representative 
experiments are described in Table III. Incubation of resting cells or of 
broken cell suspensions with hydroxy-.-proline or allohydroxy-p-proline 
led to the formation of PCA. This reaction was somewhat more rapid 
with cells grown on the hydroxyproline-enriched medium, and was con- 
siderably more rapid with the broken cell preparations than with the sus- 


5 The authors thank Dr. Elijah Adams for generously providing a culture of this 
microorganism. 
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pensions of resting cells. In similar experiments carried out with hydroxy- 
pL-proline-2-C",* the formation of a compound chromatographically 
identical with PCA was observed on radioautograms. Under our condi- 
tions, the major quantitatively significant radioactive areas were those 
corresponding to hydroxyproline and PCA. Several radioactive spots of 
low intensity were also observed but were not further investigated. PCA 
was also detected in the culture medium when the cells were grown in the 
presence of hydroxy-t-proline. Investigation of the enzyme system which 
catalyzes formation of PCA from hydroxy-t-proline is necessary. It is 
possible that PCA is formed directly from hydroxy-.-proline or that the 
latter compound is converted to a hydroxy-p-proline isomer before con- 
version to PCA. 


DISCUSSION 


The accompanying scheme summarizes some of the available information 
concerning the biochemical transformation of hydroxyproline (1). The 
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present studies indicate that allohydroxy-p-proline and hydroxy-p-proline 
are converted by p-amino acid oxidase to an intermediate which promptly 
vields PCA (VII) upon acidification. Evidence for the existence of such 
an intermediate is based on spectrophotometric and paper chromatographic 
study. The existence of this intermediate is also consistent with studies 
carried out in the absence of catalase in which decarboxylation leading to 
3-hydroxy-y-aminobutyric acid (II]) occurred. The formation of PCA, of 
the intermediate, and of g-hydroxy-y-aminobutyric acid in the b-amino 
acid oxidase reaction has also been confirmed by emploving hydroxy-pL- 


®We thank Dr. George Wolf for the labeled hydroxyproline. 
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proline-2-C'. No other spots could be detected on the radioautograms. 
In analogy with A!-pyrroline-2-carboxylic acid and A'-piperidine-2-carbox- 
vlic acid, which exist in solution in equilibrium with the corresponding 
a-keto acids (22), it may be postulated that A'-pyrroline-4-hydroxy-2- 
carboxylic acid (V) is in equilibrium with a-keto-y-hydroxy-6-aminovaleric 
acid (II). Structure I] would be expected to be susceptible to decarboxy]- 
ation by peroxide to yield Structure III, while Structure V could undergo 
dehydration to Structure VI and rearrangement to PCA (VII). 

The oxidation of hydroxy-L-proline to y-hydroxyglutamic-y-semialdehyde 
(VIIL) is suggested by the studies of Taggart and Krakaur (17) and of 
Lang and Mayer (18), who reported the isolation of the 2 ,4-dinitropheny]- 
osazone of this compound after incubating liver and kidney preparations 
with hydroxyproline. Our studies, which failed to reveal formation of 
PCA in these systems, indicate that Structure V undergoes conversion to 
Structure VII more readily than does either Structure VIII or LX, and 
also that Structures V and IX are not readily interconvertible. Evidence 
that A'-pvrroline-2-carboxylic acid and A!-pyrroline-5-carboxylic acid are 
not spontaneously interconvertible was previously reported (22). In view 
of these considerations, the formation of PCA in the non-enzymatic and 
enzymatic transamination reactions of y-hydroxyornithine suggests that 
the a-amino group rather than the 6-amino group is involved; transamina- 
tion involving the 6-amino group of y-hydroxyornithine would be expected 
to vield y-hydroxyglutamic-y-semialdehyde (VIII), presumably in equilib- 
rium with A!-pyrroline-3-hydroxy-5-carboxylic acid (LX). 

The metabolic significance of PCA requires further study. It is of 
interest that PCA has been isolated as a product of the degradation of 
mucoproteins and of sialic acid (23, 24). Preliminary experiments by 
paper chromatographic procedures suggest that PCA is present in low 
concentration in human urime. It is possible that PCA represents a non- 
enzymatic degradation product of hydroxyproline metabolism and that 
its precursor (A!-pyrroline-4-hydroxy-2-carboxylic acid) may undergo other 
enzymatic transformations. The present studies provide evidence for the 
formation of PCA from the p isomers of hydroxyproline by kidney p-amino 
acid oxidase and also from hydroxy-t-proline by the Adams strain of Pseu- 
domonas. The further metabolism of PCA and the possibility that its 
precursor may participate in other metabolic reactions are being investi- 
gated. 


SUMMARY 


1. Enzymatic oxidation of hydroxy-p-proline or allohydroxy-p-proline 
by kidney preparations (in the presence of catalase) yielded an intermedi- 
ate compound which was non-enzymatically transformed to pyrrole-2- 
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carboxylic acid. Pyrrole-2-carboxylic acid was isolated in good yield and 
characterized by comparison of its infrared and ultraviolet spectra, chro- 
matographic behavior, melting point, and behavior on catalytic hydrogena 
tion with a synthetic preparation of pyrrole-2-carboxylie acid. 

2. Formation of the intermediate compound was shown by spectrophoto- 
metric and chromatographic methods. That the intermediate is A!-pyr- 
roline-4-hydroxy-2-carboxylic acid (in equilibrium with a-keto-y-hy- 
droxy-6-aminovaleric acid) was indicated by its conversion upon catalytic 
hydrogenation to hydroxyproline and by its oxidative decarboxylation to 
8-hydroxy-y-aminobutyric acid. In the absence of catalase, enzymatic 
oxidation of hydroxyproline yielded 8-hydroxy-y-aminobutyrie acid; under 
these conditions proline gave y-aminobutyric acid. 

53. Non-enzymatic oxidation of hydroxyproline by hydrogen peroxide in 
the presence of alkaline copper sulfate also gave pyrrole-2-carboxylic acid 
as the major product. An intermediate was formed in this reaction which 
appeared to be identical with that present during the enzymatic oxidation 
of hydroxyproline. 

4. Pyrrole-2-carboxylic acid was shown to be formed during enzymatic 
transamination between y-hydroxyornithine and pyruvate, a-ketoglutarate, 
or glyoxylate. The evidence suggests that the a-amino group rather than 
the 6-amino group of y-hydroxyornithine participates in this reaction. 
Non-enzymatic transamination between glyoxylate or pyridoxal and y- 
hydroxyornithine to yield glycine or pyridoxamine and pyrrole-2-carboxylic 
acid, respectively, was also observed. 

5. Evidence is presented that A'-pyrroline-4-hydroxy-2-carboxylie acid 
is probably not in equilibrium with -5- carboxylic 
acid (y-hydroxyglutamic-y-semialdehyde ). 

6. Enzymatic conversion of hydroxy-L-proline to pyrrole-2-carboxvlic 
acid by intact and broken cell suspensions of a soil bacterium was observed. 
A!-Pyrroline-4-hydroxy-2-carboxylic acid also appears to be an intermediate 
in this reaction. 
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It was observed (1, 2), in the course of the isolation of deoxyribonucleate 
(DNA) from various tissues of the strain A mouse, that extracts of a num- 
ber of the tissues contained deoxyribonuclease I (DNase I)! as well as the 
more widely distributed DNase IT. The presence of both enzymes in veal 
kidney has also been reported (3). 

In view of the importance of controlling DNase action during the prepa- 
ration of DNA, a further examination was made of the DNase activity of 
the mouse tissue extracts, particularly with respect to the effects of pH 
and of the type and concentration of added salts. This paper deals with 
these studies and also with some observations on the intracellular distribu- 
tion of the liver DNases and the effect of DNase IT action on the ultraviolet 
absorption of DNA. 


Methods and Materials 


The DNA used in these studies consisted of two samples isolated from 
the transplantable lymphoma 1 of the strain A mouse; the preparation 
and some of the physicochemical properties of these samples have been 
described elsewhere (11). 

Except as otherwise stated, the tissues were homogenized in several 
parts of ice-cold 0.14 m NaCl in a Waring blendor and the homogenates 
were clarified by high speed centrifugation. When blending was thorough, 
most of the enzymatic activity was found in the clear supernatant fluids. 
In some cases these fluids were also dialyzed against distilled water. When 
prepared in this manner, no significant increase of either the DNase I or 
DNase ITI activity of the supernatant fluids was ever observed on dialysis 
or on storage at 2°, at room temperature, or in the frozen state (—35°). 


* 4 preliminary report of some of this work was given at the Forty-fourth annual 
meeting of the American Association for Cancer Research, Chicago, April 4-11, 1953 
(1). 

t+ United States Department of Health, Education, and Welfare. 

1 The terminology proposed by Cunningham and Laskowski (3) is used. DNase I 
refers to those DNases which, like bovine pancreatic DNase (4-6), have optima near 
neutrality and require the presence of bivalent cations; DNase II refers to the class 
first described by Maver and Greco (7) which have optima near pH 5 (7-10) and are 
activated by salts of either univalent or bivalent cations, the latter being effective 
at lower concentrations (8, 10). 
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DNase activity was estimated (1) from the fall of viscosity essentially 
as described by McCarty (6) and (2) from spectrophotometric determina- 
tion (at 260 my) of the production of material soluble in cold 0.25 n per- 
chloric acid by a method similar to that described by Kurnick (12). R, 
designates the initial rate of loss of viscosity in viscosity units per minute. 
In agreement with other reports (13, 10), the production of acid-soluble 
substances exhibited an initial lag which was longer, the smaller the en- 
zymatic activity. Subsequently, the slopes of the curves relating increase 
of optical density to time were constant up to about 40 to 60 per cent 
reaction and were proportional to the concentration of tissue extract in 
the reaction mixture. The DNase activity was therefore in each case taken 
as the slope of this linear portion of the curve rather than as the ratio of 
the increase of absorption to total time of reaction. 

Except as otherwise stated, the reaction mixtures contained 0.85 mg. of 
DNA per ml. and the desired salts, buffers, and tissue extracts; the reac- 
tions were carried out at 25.4°. The initial relative viscosity of such mix- 
tures was 2.8 to 3.0 in the Ostwald type viscosimeters that were used. 


Results 


Influence of Salts on DNase Activity—The influence of salts on DNase 
activity was examined for each tissue at both pH 5 and 7. Typical data 
for dialyzed spleen extract at pH 5 are given in Figs. 1 and 2.2. Such spleen 
extracts had relatively little activity at pH 7 with either NaCl or MgCl, 
and it appears that they contain considerable DNase II, but little if any 
DNase I; the data at pH 7 are not included in Figs. 1 and 2, but will 
be discussed in connection with activity-pH curves. Since it appears 
from Fig. 1 that full activation of the DNase IT of such an extract is not 
attained with salts of multivalent anions, only salts of univalent anions 
were employed in further studies. 

The results with serum are given in Fig. 3. The serum had negligible 
activity at pH 5 with either MgCl, or NaCl, and it can be concluded that 
mouse serum contains no DNase ITI but, in common with sera of various 
other species (14, 12), contains DNase I. 

lig. 4 presents the data obtained with dialyzed liver extracts at both 
pH 5 and 7; the results clearly show that liver extracts contain both DNase 
IT and DNase IT. 

With extracts of kidney, thymus, and lymphoma 1, the salt effects at 
pHI 5 were essentially the same as those shown for spleen and liver in Figs. 
1, 2, and 4.) At pl 7, each of these three tissues exhibited significant 


2 For the salts of univalent cations the values of log normality given in Figs. 1 to 
4 include the contribution of the buffer (0.002 Nat); for salts of multivalent cations, 
log normality gives the concentration of the added bivalent cation. 
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activity, the behavior of which, with respect to changing salt concentra- 
tion, was similar to that shown for serum and liver in Figs. 3 and 4. The 
DNase activity of the tissue extracts at certain significant conditions is 
given in ‘Table I. 


0:08 


x-—--@~ 


LOG: NORMALITY OF CATIONS 


Fic. 1. Effect of salts on activity of spleen DNase at pH 5. A, CaCl; A, MgCl; 
@, MgSO,; X, NaCl; O, sodium acetate; +, KCl; @, sodium citrate; &, NasSOx. 
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| Fic. 2. Comparison of viscosity and acid solubility data with spleen extract at 
pH 5. Viscosity data, + and X; acid solubility data, @ and O. 


The inhibition (at pH 5) of the DNase II of spleen, liver, and kidney 
by high concentrations of salt was further investigated by addition of vari- 
ous amounts of a second salt to reaction mixtures already containing the 
optimal concentration of a first salt. In every case, addition of the second 
salt resulted in an inhibition which increased with the concentration. No 
combination of salts ever resulted in activities greater than those found 
with a single salt; this provides some evidence that each tissue contains 
only a single DNase IT. 
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pH-Activity Relations—pH-activity curves were determined for each tis- 
sue in the presence of (1) 0.15 m NaCl (or 0.12 m NaCl-0.01 m sodium cit- 


0 0-05 01 0-2 
NORMALITY OF CATIONS 


Fic. 3. Effect of salts on activity of mouse serum DNase at pH 7 
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Fig. 4. Effect of salts on activity of DNases of liver at pH 5.0 and pH 7.0. A 
dialyzed fraction S2 (see the text) was used. 


rate) which activates only the DNase II and (2) 0.005 or 0.01 m MgCl. 
which activates both DNase I and DNase II. Typical curves are given 
in Figs. 5 and 6; in each case the reaction mixtures contained 0.01 M ace- 
tate and 0.01 m Veronal. Data for spleen in 0.01 m MgCl. practically 
superimpose on that shown for 0.15 m NaCl in Fig. 5. In particular, the 
activity at pH 7 is essentially the same with both salts (see Table I), about 
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2 to 3 per cent of the maximum at pH 5. By contrast, the curve for 
lymphoma extract® in 0.01 m MgCle, but not in 0.15 m NaCl, shows a 
definite peak near pH 7 which can be attributed to the presence of DNase 
I. The data given in Fig. 64 clearly show the presence of both DNase I 
and DNase IT in liver extracts; the dotted curves should give an approxi- 
mation of the pH-activity curve of the DNase I of the liver extracts. 
Curves for liver extracts based on acid solubility measurements are similar 


TABLE I 
DNase Activity of Strain A Mouse Tissues 


| Viscosity units per gm. tissue* 
_ At pH 7 Inhibition by citrate a. 
At pH in pat 
0.01 mM MgClet In 0.01 In 0.15 
MgCl: NaClft 
(1) (2) (3) (4) (5) 

Lymphoma 1.......... 55 12 0.2 + 
36 58 0.1 + 
Laked red blood cells. . 8 0 0 
0 6 0 +- 


* Units as defined by McCarty (6), except that 7’ = 25.4°. The values in the case 
of the tissues refer to centrifuged homogenates prepared as described in the text. 
The values for red blood cells refer to cells contained in 1 ml. of whole blood, and 
those for serum refer to 1 ml. of serum. 

t Activity values in 0.15 mM NaCl are in every case within 10 per cent of these. 

t Except for that of spleen, the activity values in this column are rough approxi- 
mations due to the difficulty of measuring such low values accurately. 

§ Citrate 0.01 M; in each case 0.01 of MgCl. present. -+ indicates strong inhibi- 
tion; —, no inhibition. 


to those given in Fig. 6. In accordance with expectations from the activ- 
ity values in Table I, pH-activity curves of extracts of thymus and kidney 
also show peaks near pH 7 in 0.01 m MgCl. but not in 0.15 mM NaCl. 
The effect of storage of liver extracts at 3° also indicates the presence of 
two distinct enzymes; in one instance, the DNase I activity was 70, 38, 


and 14 per cent, respectively, of the original value at 1, 2, and 15 days, 


and the DNase IT activity was unchanged. 


* The results with lymphoma below pH 5 were not considered reliable due to pre- 
cipitation of DNA-protein complexes. 

* pH-activity curves in 0.15 M NaCl (no added Mg) were practically the same us 
that given for 0.12 m NaCl-0.01 Mo citrate. 


578 DEOXYRIBONUCLEASES 


The following experiment demonstrates that both DNase I and IT activ- 
ities of the liver are largely associated with the particulate matter of the 
cell. Fresh liver was first homogenized with a Potter-Elvehjem glass 
homogenizer into 5 volumes of cold 0.14 m NaCl per gm. of tissue; this 
homogenate was divided by centrifugation into a clear supernatant fluid 
(Si) and a sediment. The sediment was then thoroughly homogenized 
into the original volume of 0.14 m NaCl in a Waring blendor and again 
separated into a clear supernatant solution (Se) and a sediment which was 
then homogenized into the original volume of 0.14 M saline (S;). The 
fractions 8,, Se, and 8; contained 35, 18, and 47 per cent, respectively, of 


OOF 


% OF MAX: ACTIVITY 


Fig. 5 Fia. 6 


Fic. 5. pH-activity curves of spleen, lymphoma, and serum DNase. ©, spleen 
in 0.15 mM NaCl; A, lymphoma in 0.15 mM NaCl; @, lymphoma in 0.01 mM MgCl,; all are 
based on viscosity data. O, serum in 0.005 mM MgClos, viscosity data; X, serum in 
0.005 M MgClo., acid solubility data. 

Fic. 6. pH-activity curves of liver. @, in0.005 m MgCl.; O, in 0.12 mM NaCl-0.01 
M sodium citrate. The dotted curve represents the difference between the above 


curves. 


the nitrogen of the tissue. The percentages of total recoverable DNase I 
were 8, 78, and 14 and of DNase IT 6, 62, and 32 for the 81, S2, and 8; frac- 
tions, respectively. It is clear that both activities are initially associated 
with particulate material. The findings with respect to DNase IT are in 
agreement with other reports (15, 16). 

Changes of Ultraviolet Absorption—Kunitz (13) showed that the action 
of bovine pancreatic DNase I on DNA led to an increase of ultraviolet 
absorption. The results given in Fig. 7 show that a similar increase of 
ultraviolet absorption results from the action of spleen DNase IT, that the 
rate of increase is proportional to the concentration of extract, and that 
the total increase is essentially independent of the amount of extract. 
The slow decrease of absorption that follows the initial rise may result | 
from further degradation, possibly by other enzymes. Essentially the 
same results were obtained when MgCl. was used to activate the enzyme. 
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Fig. 8 shows that the increase of ultraviolet absorption occurs after the 
loss of viscosity, and closely parallels the formation of acid-soluble sub- 


0.20; 


AD 
0.10 


“0 
TIME IN MINUTES 
Fig. 7. Effect of spleen DNase II on ultraviolet absorption (at 260 my) of DNA 
DNA P = 6.8 X 10-5 m in 0.10 M sodium acetate buffer, pH 4.98. @, O, and ®, re- 
spectively, give the data for mixtures containing, por 3 ml., 0.10, 0.20, and 0.40 of a 
dialyzed spleen extract. The ordinate gives an increase of optical density in 1 em. 
cuvettes. Initial optical density, 0.45. The slopes of the straight lines 1, 2, and 3, 
respectively, are 0.0033, 0.0063, and 0.0133 optical density unit per minute. 
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Fic. 8. Comparison of the rates of change of viscosity, acid solubility, and opti- 
cal density during action of spleen DNase. @, viscosity; O, acid solubility; A, 
optical density. Reaction mixture 0.20 m in sodium acetate buffer; pH 4.98. Opti- 
cal density measurements were made on a 25-fold dilution of reaction mixture into 
0.20 Mm acetate buffer, pH 4.98. 7’ = 38°. 


stances. Studies of the relative rate of change of these three properties 
during the action of crystalline bovine pancreatic DNase I have been 
described by Kunitz (13). 


DISCUSSION 


It is evident that the activity of spleen at pH 7 is qualitatively different 
from that of the other tissues; it is nearly the same in 0.15 M NaCl as in 
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0.01 m MgCl., and is not inhibited by citrate. The 21 units of activity 
for spleen at pH 7 may be due to its DNase II which, on this assumption, 
possesses at pH 7 about 3 per cent of the activity exhibited at pH 5. The 
best estimate of DNase I content of the several tissues appears to be the 
values of Column 3, Table I (0.01 m MgCle), minus those in Column 4 
(0.15 Mm NaCl); except for spleen, this difference is only slightly less than 
the total activity in 0.01 m MgCle. The DNase ITI content is, in every 
case, the value in Column 2. 

DNase II has been found in all mammalian tissues thus far examined, 
including pancreas (9), in which, however, the DNase I activity is far 
greater. Previous failures to detect DNase I in tissues other than pan- 
creas may be due, in some instances, to use of high concentrations of buf- 
fer salts, or, in others, to the presence of inhibitors of DNase I in the tissue 
extracts. It is likely that part of the DNase I of the tissues is derived 
from serum. However, even if it is assumed that 25 per cent of the vol- 
ume of a tissue consists of serum, or extracellular fluids having the same 
DNase I content as serum, it is apparent that they would contribute not 
more than about 1.5 units to the values given in Column 3, Table I; the 
balance presumably represents intracellular DNase I. The association of 
DNase I and DNase II with the particulate matter of the liver cell supports 
the conclusion that both are intracellular enzymes. 

With respect to the preparation of DNA, it is evident that an inhibitor 
for DNase I should be used routinely; in this connection, it is immaterial 
whether the DNase I is derived from cells or extracellular fluids. It ap- 
pears that the present findings necessitate revision of the conclusion (8, 17) 
that the principal function of citrate in such preparative procedures is to 
depress activity of DNase II through maintenance of a neutral pH. 

Our results confirm and extend Webb’s conclusions that DNase II is 
inactive in the absence of electrolytes, that salts of bivalent cations are 
more effective with respect to activation than those of univalent cations, 
and that higher concentrations of all salts are inhibitory. The effects of 
salts on serum and tissue DNase I are quite similar to those found with 
pancreatic DNase I by others (6, 13). 

It has been suggested (13, 18) that the activation of bovine pancreatic 
DNase I is due to the conversion of the DNA to a complex with Mgtt 
(or other bivalent ion) rather than to specific effects on the enzyme itself. 
Similar reasoning suggests that activation of DNase II also results from 
binding of cations by DNA. It is apparent from Figs. 1, 2, and 4 that 
the extent of activation is not a simple function of either salt concentration 
or ionic strength, since the salts of Mgt+ and Ca** are far more effective 
than those of Nat and K at comparable ionic strengths. For example, 
the ionic strength required for 50 per cent activation of spleen DNase II 
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(Fig. 1) is 0.0033 m with MgCl, and 0.04 with NaCl. Such a finding is 
in harmony with other evidence (19) that DNA binds bivalent cations 
far more tightly than univalent cations. 


SUMMARY 


Studies of the dependence of DNase activity on pH and on the type 
and concentration of added salts show that a number of tissues of the strain 
A mouse contain DNase I as well as DNase II. 

Both DNase I and DNase II of liver are largely associated with particu- 
late matter of the cell. 

The action of DNase IT results in an increase of the ultraviolet absorp- 
tion of DNA which occurs after the loss of viscosity and closely parallels 
the conversion of DNA to acid-soluble material. 

The relative effectiveness of various salts in the activation of DNase II 
indicates that such activation results from binding of cations by DNA 
rather than from a non-specific increase of the ionic strength. 
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(Received for publication, November 26, 1956) 


Genetic and biochemical studies on Neurospora crassa and Escherichia 
coli have suggested the following pathway of histidine biosynthesis: 


(1) p-erythro-Imidazoleglycerol phosphate — imidazoleacetol phosphate + 
(2) Imidazoleacetol phosphate + L-glutamate = 
L-histidinol phosphate + a-ketoglutarate 
(3) L-Histidinol phosphate + H.O —> L-histidinol + inorganic phosphate 
(4) L-Histidinol + 2 DPN! + L-histidine + 2 DPNH + 2H* 
Reaction 1 is catalyzed by the enzyme imidazoleglycerol phosphate de- 
hydrase (1), Reaction 2 by the enzyme imidazoleacetol phosphate trans- 


aminase (2), and Reaction 4 by the enzyme tL-histidinol dehydrogenase (3, 
4). The earlier work on histidine biosynthesis has been reviewed (5). 


N NH 
| 
C—CH,—C—CH,0—P—OH 
H 


OH 
L-Histidinol phosphate ester 


This report is concerned with the purification, from N. crassa, of the 
enzyme catalyzing Reaction 3, the hydrolysis of L-histidinol phosphate, 
and a study of its properties. This enzyme will be called 1-histidinol 
phosphate phosphatase. 

Materials 

Phosphate Esters—.-Histidinol phosphate monohydrate was synthesized 

as previously described (2) from synthetic L-histidinol (6). Imidazole- 


' The following abbreviations are used: DPN and DPNH for oxidized and reduced 
diphosphopyridine nucleotide, respectively; EDTA for ethylenediaminetetraacetic 
eid, 
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glycerol phosphate was isolated from Neurospora mutant C84 (7). Imida- 
zoleacetol phosphate was prepared from histidinol phosphate with a par- 
tially purified transaminase preparation (2). Ethanolamine phosphate 
wsa synthesized by the procedure of Cherbuliez and Weniger (8). 

Neurospora Mutants—A carboy containing 16 liters of the Fries minimal 
medium? (9) supplemented with 1.6 mmoles of L-histidine was inoculated 
with conidia from one of the histidine-requiring mutants of Newrospora 
(10) and grown under forced aeration at room temperature. Under these 
conditions histidine is the growth-limiting component. After 3.5 days the 
mycelium was collected on cheesecloth, washed with distilled water, 
squeezed dry, and frozen in dry ice. The yield varies from mutant to 
mutant but is usually about 150 gm. When the wild type mold (5297) 
was grown, the yield was about 350 gm. The histidine supplement is not 
necessary for the wild type and was omitted. The mold was stored at 
—20°; at this temperature no significant loss of dehydrase, transaminase, 
or phosphatase activity was observed over a period of several years. 


EXPERIMENTAL 


Enzyme Assay—The activity of the phosphatase in liberating inorganic 
phosphate from L-histidinol phosphate was measured by determining the 
inorganic phosphate by the Fiske-Subbarow procedure (11). A unit of 
enzyme is defined as the amount of enzyme that forms 1 umole of inorganic 
phosphate per hour under the conditions described below. The enzyme 
assay tube contained 36 umoles of diethanolamine-hydrochloric acid buffer 
(pH 9.0) and enzyme in a total volume of 0.38 ml. At zero time, 0.02 ml. 
of a 0.1 mM solution of L-histidinol phosphate was added to start the reaction. 
After 10 minutes at 30°, the reaction was stopped with 2.4 ml. of diluted 
molybdate solution (2.1 ml. of H,O plus 0.3 ml. of 2.5 per cent ammonium 
molybdate-4H2O in 5 Nn H2SQ,). Reducer (11) was then added (0.15 ml.), 
and after 10 minutes the optical density at 700 my was determined in the 
Beckman DU spectrophotometer. A blank of buffer and enzyme without 
substrate was used. The substrate blank was negligible. The assay 
should not contain more protein than will stay in solution upon addition 
of the acid-molybdate solution (about 0.4 mg. of protein). With material 
of low specific activity the protein was removed by adding an equal vol- 
ume of 1.0 m perchloric acid to the incubation mixture, centrifuging, and 
determining inorganic phosphate in an aliquot from the supernatant solu- 
tion. 


2 Ammonium tartrate, 5.0 gm.; NH4NO3, 1.0 gm.; KH2PQ,, 1.0 gm.; MgSO,-7H.0, 
0.5 gm.; Na Cl, 0.1 gm.; CaCl.-2H,0, 0.1 gm.; biotin, 5 7; sucrose, 15.0 gm.; trace ele- 
ment solution, 1 ml.; in 1 liter of water. The trace element solution contains, per 
liter of water, CoSO,, 3 mg.; H;BO3;, 6 mg.; FeCl3;-6H2O, 482 mg.; MnCl.-4H.O, 278 
mg.; CuCle, 269 mg.; MoOe, 15 mg.; ZnCle, 2 gm. 
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The proportionality of reaction rate to enzyme concentration is shown 
in Fig. 1. 


Preparation of Phosphatase 


Extract—Mutant T1710 was used as a source of the enzyme because of 
its very high specific activity. The frozen mycelium (80 gm.) was pulver- 
ized in a Waring blendor with about an equal volume of dry ice. The 
blendor had been previously cooled by grinding dry ice. The frozen pow- 
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Fic. 1. The relation of the reaction rate to the concentration of enzyme. The 
assays were the same as those described under “Enzyme assay.’”? The enzyme was 
purified through the procedure for heating. 


der from the mycelium was put in four 50 ml. polyethylene centrifuge 
tubes and allowed to thaw. All subsequent operations were carried out 
at 0°. The thawed material was centrifuged for 15 minutes at 35,000 * g 
and the supernatant solution was collected. The residue was stirred with 
80 ml. of 0.1 m triethanolamine-HC] buffer, pH 7.1, and the mixture re- 
centrifuged; this supernatant solution was combined with that from the 
first centrifugation. 122 ml. of extract, pH 6.0, were obtained. 
Ammonium Sulfate I—To 120 ml. of extract 30.0 gm. of ammonium 


’ During this operation the mold should not be allowed to thaw. The blendor 
should be considerably below the thawing point of the mycelium. (This is an un- 
published method of Dr. W. Maas.) 
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sulfate were added slowly with stirring. The material was centrifuged for 
10 minutes at 35,000 K g. The supernatant liquid was collected and the 
precipitate discarded. 12.0 gm. of ammonium sulfate were added to the 
supernatant liquid with stirring. The material was then centrifuged as 
before, and the supernatant liquid discarded. The precipitate was dis- 
solved in 20 ml. of 0.05 m triethanolamine-HCl buffer, pH 7.5, to give 22.4 
ml. of Ammonium Sulfate I. 

Heating of Ammonium Sulfate [—22 ml. of the Ammonium Sulfate I 
fraction (in a 50 ml. Super-Dylan centrifuge tube) were heated in a boiling 
water bath while being stirred with a thermometer. When the solution 
reached 60°, it was placed in a 60° bath for 1.5 minutes and then transferred 
to an ice bath. The solution was then centrifuged, the precipitate being 
discarded. 20 ml. of supernatant liquid were obtained. 


TABLE [ 
Summary of Enzyme Purification Data 
The procedure is described in the text. Protein was determined by the procedure 
of Sutherland ef al. (12). 


Fraction | Volume Protein | Enzyme 
: mil. | me. units unils per mg. 
2480 29 , 400 11.8 
Ammonium Sulfate | 22.4 | 5658 24 , 300 43.6 
3 20 | 260 19,900 76.5 


Ammonium Sulfate 11—The concentration of ammonium sulfate in the 
supernatant liquid from the heating procedure was determined by measur- 
ing the conductivity of an appropriate dilution with a conductivity meter. 
To 18 ml. of supernatant liquid (0.27 M in ammonium sulfate) were added, 
with stirring, 4.2 gm. of ammonium sulfate. The mixture was centrifuged 
and the precipitate discarded. To the supernatant liquid were added 1.2 
gm. of ammonium sulfate, and after centrifugation the liquid was dis- 
carded. The precipitate was dissolved in 3.0 ml. of 0.1 mM triethanolamine- 
HCl buffer, pH 7.5, to give 3.2 ml. of purified enzyme. This solution has 
been kept frozen at —20°. A summary of the purification data is given 
in Table I. 


Properties of Enzyme 


Stoichiometry —Upon ineubation of 0.50 umole of L-histidinol phosphate 
with a large excess of enzyme (37 units) for 30 minutes, 0.45 umole of in- 
organic phosphate was liberated. Upon chromatography of the reaction 
products and spraying with diazosulfanilic acid reagent (13), a substance 
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giving the same PR» values as histidinolt was observed as the only imidazole 
derivative present. 

Inhititors—Various metal binders and metals were tried as inhibitors of 
the phosphatase. At a concentration of 10- mM 8-hydroxyquinoline inhib- 
ited the enzyme considerably, which may be due to the involvement of a 
metal in the reaction. The data are presented in Table IT. 

Specificity—A crude extract of the wild type has about one-ninth as 
much activity for ethanolamine phosphate as it has for histidinol phos- 
phate. The purified enzyme preparation has only a slight activity for 


TaBLeE II 
Effect of Inhibitors on Purified Phosphatase 
Inhibitor Molarity Relative activity* 

8-Hydroxyquinoline.................. 83 
5 X 10% 95 


* The reaction mixture contained 37 uwmoles of diethanolamine-HCl buffer (pH 
9.0) and 3 units of purified enzyme. After each inhibitor was added, bringing the 
volume to 0.38 ml., the mixtures were allowed to preincubate for 5 minutes. At 
zero time, 0.02 ml. of L-histidinol phosphate solution (0.1 M) was added to start the 
reaction. The incubation was allowed to proceed for 10 minutes at 30°. The assay 
for inorganic phosphate was the same as that described under ‘‘Enzyme assay.”’ 


other phosphate esters tested, and this appears to be due to residual non- 
specific phosphatase. In the presence of 10~* m beryllium sulfate, the 
non-specific phosphatase appears to be selectively inhibited (Table IID). 

Effect of Substrate Concentration—The effect on the reaction rate of vary- 
ing concentrations of L-histidinol phosphate was determined (Fig. 2, A). 
The same results have been plotted according to Lineweaver and Burk 
(14) for the determination of a K,, value (Fig. 2, B). The K,, is approxi- 
mately 4.2 X 10-* mM. There is inhibition at higher substrate levels and 
the extrapolated value for V,,,x is considerably higher than the observed 
value. 

pH Optimum—The effect of the pH on the rate of inorganic phosphate 


‘ Values of 0.65 in propanol-ammonia and 0.10 to 0.28 in propanol-acetie acid (13) 
were obtained. 
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formation is demonstrated in Fig. 3. No attempt was made to determine 
whether the substrate was saturating at pH values other than the optimum. 
The pH optimum is at 9.0. 


Activity of Various Strains 


Mutant xtracts—Extracts of the various genetically distinct histidine- 
requiring mutants of Neurospora were prepared as has been described for 
mutant T1710. All of the extracts were adjusted to pH 6.5 with 1.0 m 
triethanolamine and were diluted to a protein concentration of 13 mg. per 
ml. There appear to be two phosphatase activities in the extracts, which 


TaBLeE III 
Specificity of Purified Phosphatase 
Relative activity* 
Substrate 
Without Be** With Be** 
L-Histidinol phosphate.................... 100 88 
Ethanolamine phosphate.................. 2.5 <0.2 
Imidazoleglycerol phosphate.............. 2.7 <0.2 
Imidazoleacetol phosphate................ 7.5 0.4 
Ribose 5-phosphate....................... 2.8 <0.2 


* All the reaction mixtures contained 37 wmoles of diethanolamine-HCl buffer 
(pH 9.0) and enzyme in 0.38 ml. of water. Beryllium sulfate (final concentration of 
10-4 m) was added as indicated. The histidinol phosphate mixtures contained 3 
units of enzyme (0.02 mg. of protein), and all the other mixtures contained 37 units 
ofenzyme. At zero time, 0.02 ml. of 20.1 M solution of the phosphate ester (adjusted 
to neutrality with NaOH) was added to start the reaction. The incubation was 
allowed to proceed for 10 minutes at 30°. The assay for inorganic phosphate was 
the same as that described under ‘‘Enzyme assay.’’ 


can be differentiated by their beryllium sensitivity. All the strains con- 
tain about the same amount of an apparently non-specific beryllium-sensi- 
tive phosphatase activity. The major histidinol phosphate phosphatase 
activity, on the other hand, is beryllium-insensitive and is extremely low 
or is absent in mutant Cl41. Mutant T1710 is very rich in this specific 
phosphatase. Table IV shows the specific activity of the various mutant 
extracts with and without beryllium sulfate (10-4 Mm) in the assay. The 
extracts were also assayed in 10-*m EDTA with results comparable to the 
beryllium assays. With ethanolamine phosphate as a substrate, the mu- 
tants and the wild type had specific activities of from 0.4 to 0.8, whereas 
in the presence of beryllium or EDTA no activity could be detected. 
Ammonium Sulfate Fractions—In order to establish further the minimal 
level of specific phosphatase in mutant C141, extracts were put through 


ne 
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Fig. 2. A, the relation of the histidinol phosphate molarity to the reaction rate. 
The conditions and phosphate determinations were similar to those described for the 
enzyme assay. Enzyme purified through the second step for ammonium sulfate was 
used. All values are averages of duplicate determinations; B, the reciprocal plot of 
the data presented in Fig. 2, A. 


the first step of ammonium sulfate purification. After this step, the specific 
activity of mutant C141 was less than 2 per cent that of the wild type, as 
determined by an assay in the presence of beryllium. The assay on the 
various ammonium sulfate fractions also indicates the relatively sharp frac- 
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Fig. 3. The pH optimum of L-histidinol phosphate phosphatase. The pH values 
of duplicate incubation mixtures were measured with a Cambridge pH meter. Each 
mixture contained 40 wmoles of diethanolamine-HCl buffer, 0.04 mg. of enzyme puri- 
fied through the heating step, and 2 wmoles of histidinol phosphate in a total volume 
of 0.42 ml. 


TABLE IV 


| Specific activity of crude extracts* 


| 
Strain No. | Apparent block | , 

| No addition 10-4 BeSOy 
{ | units per mg. | units per mg. 

| protein protein 
5207 | (Wild type) a 2.2 
(140 Prior to imidazole ring formation 5.1 | 3.4 
C'S4 | Dehydrase | 4.8 3.8 
C141 Phosphatase | 0.13 
C141-T1710 dehydrogenase 1.9 | 0.10 
T1710 Dehydrogenase 11.9 | 10.0 
K26 | 3s 14.0 11.5 


* The extracts were prepared as described in the text. The enzyme assays and 
protein determination were carried out as previously described. In the assay with 
BeSO, the enzyme was preincubated for 5 minutes in 0.38 ml. of buffer containing 0.04 
umole of BeSQO,, and then, as usual, 0.02 ml. of 0.1 mM histidinol phosphate was added 
to start the reaction. 
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tionation of the specific phosphatase as compared to the activity towards 
ethanolamine phosphate. The extracts were fractionated with ammonium 
sulfate into 0 to 44, 44 to 58, and 58 to 84 per cent saturation fractions. 
The assays with and without beryllium are presented in Table V. The 
44 to 58 per cent fractions were also assayed in the presence of 10-4 m 
EDTA, again with results comparable to those with the 10-4 m beryllium. 


TABLE V 
Ammonium Sulfate Fractionation of Phosphatase Activity* 

Histidinol phosphate substrate 

Strain No. = 
0-44 | 58-84 0-44 44-58 58-84 

per cent 44-58 per cent | per cent | per cent | per cent | per cent 

| 
5297 1.8 9.5 (7.9) | 2.2 0.4 1.2 0.6 
C140 5.2 8.0 (5.6) | 40 | 1.4 | 1.0 | 1.2 
C141 a 1.7 (0.13) 1.3 0.6 0.4 0.6 
(141-T1710 1.1 3.30.11) | 3.5 | 0.5 | 14 | 1.3 
T1710 | 6.8 40.5 (39.7) 10.4 | 1.0 2.4 | 2.8 


* To 20 ml. of each extract (described under ‘‘Mutant extracts’’) were added 5.0 
gm. of ammonium sulfate. The solution was centrifuged and the precipitate was set 
aside. To the supernatant solution were added 2.0 gm. of ammonium sulfate. The 
solution was centrifuged and the precipitate set aside. To the supernatant solution 
were added 4.0 gm. of ammonium sulfate, the solution again being centrifuged and 
the third precipitate being set aside. Each precipitate was dissolved in 3 ml. of 0.1 
M triethanolamine-HCl, pH 7.5, to give the 0 to 44 per cent, 44 to 58 per cent, and 
58 to 84 per cent fractions respectively. The values given are specific activities 
(units per mg. of protein) and the procedure is the same as in Table IV. 

t Ethanolamine phosphate ester (0.02 ml. of 0.1 M solution) was used as a substrate 
instead of histidinol phosphate. 

t The specific activities in parentheses are the results of assays done in the pres- 
ence of 10-4 m BeSQ,. 


DISCUSSION 


The histidine-requiring mutants of Neurospora appear to be blocked at 
the following points in the biosynthesis of histidine: 


Mutant C140 dehydrase 
> imidazoleglycerol phosphate 
Mutant C94 mutant C84 
imidazoleacetol phosphate <¢ L-histidinol phosphate > 
mutant C141 


————» 4,-histidine 


L-histidinol 
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Mutants T1710 (10) and K26 (15), which are genetically allelic,5 both 
accumulate histidinol. L-Histidinol dehydrogenase has been described by 
Adams (3) and shown by him to be lacking in several histidine-requiring 
FE. coli mutants which accumulate histidinol. This enzyme is present in 
wild type Neurospora and appears to be lacking in mutant T1710 and in 
the double mutant C141-T1710 which contains both genes C141 and 
T1710.6 Mutant C84 accumulates imidazoleglycerol phosphate and im- 
idazoleglycerol and is Jacking (less than 1 per cent of wild type 5297) the 
enzyme imidazoleglycerol phosphate dehydrase (1). Mutant C141 accu- 
mulates histidinol phosphate, imidazoleacetol phosphate and imidazole- 
acetol, and imidazoleglycerol phosphate and imidazoleglycerol (7). As 
would be expected, the double mutant C141-T1710 is similar in this respect 
to C141 rather than to the histidinol-accumulating T1710 mutant. 

There are apparently at least two phosphatases in Neurospora capable 
of hydrolyzing histidinol phosphate. The phosphatase which appears to 
be part of the pathway of histidine biosynthesis is specific for histidinol 
phosphate, relatively insensitive to beryllium ions or EDTA, and missing 
or extremely low in mutant C141 and the double mutant C141-T1710. 
The other phosphatase activity is present in all the strains, is beryllium- 
and EDTA-sensitive, and may be due to one or more alkaline phospha- 
tases. A variety of magnesium-activated alkaline phosphatases have been 
reported to be inhibited by very low concentrations of beryllium salts (16, 
17). All of the other mutants tested for the specific phosphatase have at 
least the same specific activity as wild type. In the earlier mutants (C94, 
C84, or C140) the later biosynthetic pathway has been non-operative and 
histidinol phosphate and histidinol could not have acted as inducers, so 
that the specific phosphatase found in these strains may be considered as 
constitutive. On the other hand, mutants blocked at the dehydrogenase 
step (T1710, K26) have considerably higher enzyme levels than wild type. 
This phenomenon of a mutant having a very high specific activity for the 
enzyme immediately preceding its blocked step was also observed with 
imidazoleacetol phosphate transaminase. The transaminase is very high 
in mutant C141 which is blocked at the phosphatase step. These high 
levels of enzyme may be an adaptive response associated with the accumu- 
lation of precursors. 

Mutant C141 is “leaky” in that it will grow at a slow rate on minimal 
medium. This growth on minimal medium may be due to the beryllium- 
sensitive phosphatase activity. 


®’ Mathieson, M. J., personal communication. 

6 In unpublished experiments in this laboratory ammonium sulfate fractions of 
various mutants and wild type Neurospora were assayed for the dehydrogenase by the 
dichlorophenol-indophenol method of Adams (3). 
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SUMMARY 


1. An enzyme from Neurospora crassa, t-histidinol phosphate phospha- 
tase, has been purified about 13-fold. This enzyme catalyzes the hydroly- 
sis of L-histidinol phosphate to L-histidinol and inorganic phosphate. It 
does not hydrolyze the other phosphorylated intermediates in histidine 
biosynthesis, ribose phosphate, or ethanolamine phosphate to any appreci- 
able extent. 

2. The enzyme is relatively insensitive to beryllium ions or ethylene- 
diaminetetraacetate which inhibit other alkaline phosphatases in Neuro- 
spora. 

3. The pH optimum of the enzyme is 9.0 in diethanolamine buffer. The 
K,, value for histidinol phosphate is approximately 4.2 K 107% a. 

4. Mutant C141, which requires histidine and accumulates histidinol 
phosphate, has less than 2 per cent of the activity of the wild type for this 
enzyme, whereas other genetically distinct mutants blocked at different 
points in the biosynthesis contain the enzyme. Mutants which accumu- 
late histidinol and are blocked at the histidinol dehydrogenase step are 
very rich in histidinol phosphate phosphatase. 


We wish to thank Dr. E. Adams for a gift of histidmol, Dr. M. J. Mathie- 
son for strain K26, and Dr. H. Tabor and Dr. A. H. Mehler for helpful 
discussions, 
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A COMPARISON OF THE REACTION KINETICS OF ADENYLIC 
ACID AND ADENOSINE DIPHOSPHATE WITH THE 
RESPIRATORY CHAIN 


By BRITTON CHANCE 


(From the Johnson Foundation for Medical Physics, University of Pennsylvania, 
Philadelphia, Pennsylvania) 


(Received for publication, November 29, 1956) 


Stimulated by the comprehensive studies of Siekevitz and Potter (1) on 
labeling of intramitochondrial nucleotide during oxidative phosphorylation 
and by their hypothesis that ADP! entry into the mitochondria is depend- 
ent upon surface adenylate kinase activity of the membrane (see their 
Fig. 2 (1)), we carried out an experiment to test this hypothesis directly. 
Previous results, described elsewhere (2), show that oxidation of a number 
of components of the respiratory chain occurs upon initiation of oxidative 
phosphorylation by the addition of ADP. According to deductions from 
these experiments, some of the electron transport components are directly 
involved in oxidative phosphorylation and others are carriers between 
those components. Reduced pyridine nucleotide is identified as one of the 
sites of oxidative phosphorylation and its oxidation upon the addition of 
ADP is readily observed spectroscopically (2). In order to measure whether 
ADP or AMP first reaches this site of phosphorylation, in the experiments 
of Fig. 1 equal molarities of an excess of these two nucleotides were 
added to mitochondria in the quiescent state (State 4 in which relatively 
high levels of intramitochondrial adenosine triphosphate obtain) and the 
course of oxidation of intramitochondrial pyridine nucleotide following the 
instant of addition of ADP was recorded by spectrophotometric methods. 
The preparation, reaction medium, and assay methods are described else- 
where (3) and the experimental procedure is indicated by the last portion 
of the pyridine nucleotide kinetics of Fig. 4 of Chance and Williams (2). 
The recordings of Fig. 1 are on a much more rapid time scale in order to 
show the details of the reaction kinetics. On the left-hand side of Fig. 1 
is the record for ADP and on the right-hand side is the record for AMP. 
Time reads from left to right and a decrease in absorbancy (corresponding 
to an oxidation of reduced pyridine nucleotide) is an upward deflection of 
the trace. Beginning at the left-hand edge of the first trace, a few seconds 
after the base line has been established, ADP is added as a drop on the 
end of a stirring rod and, after the optical artifact of stirring of the solution 
has subsided, the trace rises smoothly and rapidly towards an increased 


! Abbreviations, ADP, adenosine diphosphate; AMP, adenosine monophosphate. 
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oxidation of reduced pyridine nucleotide. The experiment is repeated on 
the right-hand side of the record with AMP. Based on the initial slopes 
of the reaction kinetics, the ratio of rates in the two cases is over 5:1 in 
favor of ADP. We interpret this experiment to mean that ADP passes 
the mitochondrial membrane and reacts with components of the respira- 
tion chain more rapidly than does AMP. Thus the reaction sequence in- 
volving the conversion of ADP to AMP and then back to ADP, postulated 
by Siekevitz and Potter (1), needs no longer to be considered the rate- 
determining one in oxidative phosphorylation of these mitochondria and 
an alternative explanation of their results with radioactive tracers is to be 
sought. This result confirms the kinetic evidence presented recently that 
intermediates exist between the respiratory carriers and ADP (4) and 


240 374 my 
log =0.0I10 


600uM AMP 
600uM k—50sec —— 
ADP 


Fic. 1. A comparison of the speeds of initiation of oxidative phosphorylation 
with ADP (left) and AMP (right). Guinea pig liver mitochondria. Temperature 
9°. Other conditions as described in the text of Chance and Williams (3). (Experi- 
ment 467c.) 


justifies omission of the adenylate kinase reaction as a rate-limiting step 
in oxidative phosphorylation. 


SUMMARY 


Direct spectroscopic measurements of the relative rates of change of 
steady state oxidation level of intramitochondrial pyridine nucleotide upon 
addition of equal molarities of adenosine diphosphate (ADP) or adenosine 
monophosphate (AMP) show over a 5-fold more rapid response to ADP 
than to AMP. Thus adenylate kinase activity does not serve a regulatory 
function in the phosphorylation of ADP in these rat liver mitochondrial 
preparations. 
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THE EFFECT OF THYROXINE ON MAGNESIUM 
REQUIREMENT* 
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(From the Department of Nutrition, Harvard School of Public Health, 
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It has recently been demonstrated that animals maintained in the cold 
(12.8°) have an increased requirement for magnesium (1). Animals fed a 


- purified diet grew maximally when the diet contained 25 mg. per cent of 


magnesium, whereas animals maintained in the cold required approxi- 
mately 50 mg. per cent of magnesium to achieve maximal rates of growth 
although such animals never attained the weight of their controls in the 
warm room (23.9°) (1). 

The effect of cold in increasing thyroid activity and production of thy- 
roid hormone is well known (2). It was suggested that the increased re- 
quirement for magnesium in the cold might be related to thyroid activity 
(1), since thyroxine uncouples oxidative phosphorylation in vitro, and that 
magnesium prevents this uncoupling effect (3, 4). Furthermore, the con- 
centration of serum magnesium is lower in thyrotoxic patients and, upon 
treatment, serum magnesium levels return to near normal.! Such pa- 
tients may require higher intakes of magnesium than normal to attain 
magnesium balance (5). 

This study deals with the effect of thyroxine on the growth of animals 
fed various levels of magnesium and with the capacity of the hearts of 
these animals to carry out oxidative phosphorylation. 


EXPERIMENTAL 


21 day-old rats obtained from the Charles River Breeding Laboratories, 
Inc., Boston, Massachusetts, and weighing approximately 50 gm., were 
fed a purified diet previously described (1). The rats were divided into 
sixteen groups, twelve animals in each, and fed the purified diet supple- 
mented with thyroxine to supply 0, 1, 2, or 4 mg. per 100 gm. In addi- 


* Supported in part by grants-in-aid from the National Cancer Institute 
(C-1323C4), the National Institute of Arthritis and Metabolic Diseases (A-194), Na- 
tional Institutes of Health, Public Health Service, Bethesda, Maryland, and the 
Fund for Research and Teaching, Department of Nutrition, Harvard School of Pub- 
lic Health. 

Tt Research Fellow, Kyushu University, Japan. 

! Vitale, J. J., Ingbar, S., and Dowling, T., unpublished data. 


597 


on 
pes 
ses 
ra- 
in- | 
ed 
te- | 
be 
at 
ion 
ure 
ri- 
ep 
of 
on 
ne 
yP 
ry 
ial 
|| 


598 THYROXINE AND MAGNESIUM REQUIREMENT 


tion, each of these diets was further supplemented with various levels of 
magnesium: 20, 40, 80, and 160 mg. per 100 gm. of diet. The animals 
were fed ad libitum and housed in individual cages. The temperature was 
maintained at 25.6° + 2°. The rats were weighed twice weekly and ob- 
served daily for signs of magnesium deficiency for 4 weeks. Approxi- 
mately 4 months later a portion of the experiment was repeated. Groups 
of twelve animals each were given the same diet containing 20, 40, 80, or 
160 mg. of magnesium and 2 mg. of thyroxine per 100 gm. of diet. A 
control group with no thyroxine received 25 mg. of magnesium per 100 gm. 
of diet. At the end of 24 days six animals from groups fed the following 
diets were sacrificed by decapitation: (1) no thyroxine and 25 mg. per cent 
of magnesium, (2) 2 mg. per cent of thyroxine and 20 mg. per cent of mag- 
nesium, and (3) 2 mg. per cent of thyroxine and 160 mg. per cent of mag- 
nesium. Serum magnesium levels reported in Table II for these three 
groups were determined in animals other than those sacrificed for oxida- 
tive phosphorylation studies. The hearts were quickly removed and 
washed in ice-cold KC] (0.154 mM) and oxidative phosphorylation studies 
were done on mitochondria prepared in 0.88 mM sucrose as described else- 
where (6). The reaction flasks contained 6 umoles of adenosine triphos- 
phate, 40 uwmoles of phosphate buffer, pH 7.4, 22.5 wmoles of MgSQ,, 
0.12 umole of cytochrome c, 30 uwmoles of a-ketoglutarate, 50 umoles of 
glucose, hexokinase, and mitochondria from 3 to 4 gm. of heart tissue. 
The mitochondria were suspended in | ml. of sucrose per gm. of wet weight 
of heart used. Final volume per flask was 3.2 ml. Equilibration was for 
5 minutes in an air phase and the reaction was run at 37°. The center 
well contained 0.2 ml. of 20 per cent NaOH. Serum magnesium levels 
were determined according to the method of Orange and Rhein (7). 


Results 


Table I illustrates the effects of thyroxine on the growth of rats fed var- 
ious levels of magnesium for 16 days. Rats fed no thyroxine grew max- 
imally on a diet containing 20 mg. per cent of magnesium. The addition 
of more magnesium to the diet resulted in no increased growth over the 
16 day period. It is apparent that, as the thyroxine in the diet increased 
from 1 to 4 mg. per cent, more magnesium was required for maximal 
weight gain. The animals fed the 1 mg. per cent of thyroxine diet gained 
60 gm. when the magnesium content was 40 mg. per cent. However, rats 
fed the 4 mg. per cent of thyroxine diet required 160 mg. per cent of mag- 
nesium to attain the same weight gain. 

Table II demonstrates the effect of thyroxine and magnesium on oxida- 
tive phosphorylation of heart tissue. With control animals fed no thyrox- 
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2.20 was obtained, whereas the hearts from animals fed a diet containing 
approximately the same level of magnesium and 2 mg. per cent of thyrox- 
ine had a P:O ratio of 1.06. When 2 mg. per cent of thyroxine and 160 
mg. per cent of magnesium were fed, a P:O ratio of 2.14 was found. The 
average serum magnesium level in control animals fed 25 mg. per cent of 
magnesium was approximately 1.8 mg. per cent. Thyroxine markedly 
decreased the serum magnesium level to 0.5 when the diet contained only 


TABLE | 
Effect of Magnesium on Growth of Thyroxrine-Fed Rats 


Thyroxine, mg. per cent of diet 


Magnesium, mg. per cent 
of diet 


0 | 1 2 > 4 


| Weight gain, gm. 


20 89 44 47 41 31 
40 79 60 46 53 39 
80 98 66 52 59 57 
160 85 60 66 59 66 


* A second experiment repeated 4 months later. 


TABLE II 


Effect of Dietary Magnesium on Oxidative Phosphorylation of 
Hearts from Thyroxtne-Fed Rats 


| mg. | Thyroxine, me. Serum Mg**, 
Group | per of diet al diet P:O 
| 25 0 2.20 1.87 + 0.10* 
Treated.................) 20 2 | 1.06 0.50 + 0.08 
2 1.67 + 0.13 


* Mean + standard error. 


20 mg. per cent of magnesium. The feeding of 160 mg. per cent of mag- 
hesium restored the serum magnesium concentration to near normal levels. 

Magnesium deficiency in rats is characterized by vasodilatation and 
hyperemia of the vascular bed which is particularly evident in the ears, 
tails, and feet. In surviving animals, trophic changes of the epidermal 
structures and edema of the extremities occur. These gross signs of mag- 
nesium deficiency were observed in many of the animals receiving thy- 
roxine. Although no attempt was made to grade the degree of vasodila- 
tation and hyperemia among the several groups, it was apparent that the 
animals fed the lower levels of magnesium (20 to 40 mg. per cent) had a 
higher and more severe incidence of vasodilatation and hyperemia of the 
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ears, tails, and feet than those fed the higher concentrations of magnesium 
(160 mg. per cent). Without thyroxine supplements, diets containing 20 
mg. per cent of magnesium completely prevented the appearance of such 
signs. 


DISCUSSION 


The data demonstrate unquestionably a marked increase in the mag- 
nesium requirement caused by the administration of thyroxine. As the 
thyroxine level is increased, more magnesium is required to obtain max- 
imal weight gains. At the highest level of thyroxine used (4 mg. per cent) 
some degree of vasodilatation and hyperemia of the ears was seen even 
with 8 times the normal magnesium level in the diet, suggesting that the 
requirement of magnesium had not yet been reached under these condi- 
tions. However, with a lower level of thyroxine (1 mg. per cent) maximal 
growth was obtained with 40 mg. per cent of magnesium. This was still 
appreciably below the growth achieved by animals not receiving thyroxine. 
The same effect was observed in previous studies at cold temperature; 7.e., 
although the magnesium requirement was elevated, no level of magnesium 
fed produced weight gains equivalent to those obtained in the warm tem- 
perature. Undoubtedly, other factors than magnesium are involved. The 
original work of Ershoff (8) demonstrated that whole liver insoluble material 
was partially capable of overcoming the growth depressant effects of thyroid 
substance. This has been confirmed many times. More recently Emer- 
son et al. (9) have reported that, in animals receiving 0.1 per cent iodinated 
casein (Protamone) in the diet, growth responses were obtained by in- 
creasing the level of casein, replacing part of the hydrogenated fat fed by 
corn oil, and adding either cholesterol or bile acids to the diet. A further 
response above that obtained with the combination of the above three was 
obtained with liver or soy bean proteins. 

The diets we have used contained 20 per cent casein, 5 per cent corn 
oil, and no liver, cholesterol, or bile acids. The role that magnesium might 
play in combination with the factors discussed by Emerson et al. (9) is, 
of course, unknown. The report of cholesterol or bile acids as partially 
overcoming thyroxine-induced growth inhibition is surprising, particularly 
since these materials definitely raise the magnesium requirement as does 
thyroxine (10). 

The finding of the reversibility of the uncoupling effect of thyroxine on 
oxidative phosphorylation by dietary magnesium not only confirms the 
previously observed effect on isolated mitochondrial preparations (3, 4), 
but also demonstrates a similar effect in vivo. According to the papers of 
Tapley and Cooper (11) it is not vet clear whether the effect of thyroxine 
and magnesium is related to the biochemical or to the physical integrity 
of the mitochondrial system. 
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In our experiments high levels of dietary magnesium were capable of 
completely reversing the measurable uncoupling effect of thyroxine, al- 
though growth was not restored to normal and signs suggestive of mag- 
nesium deficiency persisted. The implication, of course, is that the effects 
of thyroxine are probably not completely explicable in terms of the un- 
coupling action. 


SUMMARY 


Growth inhibition in young rats produced by the addition of thyroxine 
to the diet is partially overcome by extra supplements of magnesium. 
The amount of magnesium required is related to the amount of thyroxine 
added, clearly demonstrating an elevation of the magnesium requirement 
by thyroxine. Magnesium is not, however, capable of completely pre- 
venting the thyroxine-induced growth depression. 

The oxidative phosphorylation of mitochondrial preparations from the 
hearts of these animals was impaired in the thyroxine-treated animals and 
raised to normal by high levels of dietary magnesium. 
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PYRIDINE COENZYMES OF SUBCELLULAR 
TISSUE FRACTIONS* 


By K. BRUCE JACOBSONT ann NATHAN O. KAPLAN 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, November 9, 1956) 


The levels of pyridine nucleotides in tissues have been the subject of a 
large number of reports. Much interest has been focused on the ratios of 
oxidized to reduced coenzymes in different pathological conditions (1). 
Recently, Glock and McLean (2) have reported the important observation 
that reduced TPN is present in whole rat liver in comparatively large 
amounts, whereas the concentration of the oxidized form of TPN was 
found to be very low.!. On the other hand, oxidized DPN was found to be 
present in an excess over the reduced form. 

Sensitive fluorometric procedures have recently been developed for the 
assay of different forms of the pyridine nucleotides (3). This has made 
possible an analysis of the subcellular tissue fractions. The present com- 
munication deals with the concentrations of DPN, DPNH, TPN, and 
TPNH in various cellular fractions and the factors which influence the 
levels of pyridine coenzymes in these fractions. This report will show that 
the most of the TPNH in rat liver is localized in the mitochondria. 


Methods and Materials 


DPN of 82 per cent purity from the Pabst Laboratories was used as the 
fluorometric standard. Adult male rats of the Wistar strain and albino 
pigeons were obtained commercially. The mice (IF; hybrid BALB/CAN 
x DBA/2J) and Sprague-Dawley rats were obtained from Dr. A. Goldin 
and Dr. S. Chernick of the National Institutes of Health. 

Tissue Fractionation—The following procedure, which was used in this 


* Contribution No. 171 of the McCollum-Pratt Institute, The Johns Hopkins Uni- 
versity. Aided by grants from the National Cancer Institute of the National Insti- 
tutes of Health (grant No. C-2374 (C)), the American Cancer Society as recommended 
by the Committee on Growth of the National Research Council, and the American 
Heart. Association. 

t Predoctoral Fellow of the National Cancer Institute, National Institutes of 
Health. Present address, Department of Chemistry, California Institute of Tech- 
nology, Pasadena, Californin. 

' The following abbreviations are used in this paper: DPN and DPNHI for the oxi- 
dized and reduced forms of diphosphopyridine nucleotide; TPN and TPNH for the 
oxidized and reduced forms of triphosphopyridine nucleotide. 
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study, is a modification of the method of Schneider (4). Livers or other 
organs were quickly removed from the animal after decapitation, chilled 
in 0.25 m sucrose, and homogenized in a loose fitting (0.5 to 1 mm. clearance) 
TenBroeck homogenizer, and the homogenate was centrifuged at 600 X g 
for 10 minutes. This nuclear pellet was washed once (or twice if the nu- 
clear fraction was also to be sampled). The combined supernatant fluids 
were centrifuged at 9000 X g for 10 minutes, and the pellet was washed 
twice. The microsomal fraction was the result of centrifuging the com- 
bined supernatant fluids for 60 minutes at 105,000 X g; the soluble frac- 
tion was the supernatant fluid from the latter procedure. 

Certain precautions were found to be indispensable in order to find TPNH 
in the mitochondria. The graduated cylinders, pipettes, and tubes in 
which the homogenate or mitochondria were to be placed were thoroughly 
chilled to 0°. The pellets were resuspended by using an ice-filled glass 
tube as a pestle and triturating the pellet in the centrifuge tube. Con- 
siderable variation was experienced before sampling pipettes were used 
which were chilled; with the above precautions, the ratio of total reduced 
to total oxidized pyridine nucleotides in the mitochondria was usually 2 
and occasionally between 2.5 and 3. 

Extraction—Acid extraction of tissues was performed in 5 per cent tri- 
chloroacetic acid at room temperature; alkaline extraction was performed 
in 0.1 M sodium carbonate, buffered at pH 10, by heating in boiling water for 
23 minutes. Known amounts of pyridine nucleotides were recovered in 
the appropriate extraction procedure (DPN and TPN in the acid and 
DPNH and TPNH in the carbonate). Whole liver extraction was _per- 
formed by having the acid or carbonate in a TenBroeck homogenizer, intro- 
ducing the weighed piece of liver, and immediately homogenizing; the 
homogenizer with carbonate was preheated to 100°. In the case of homo- 
genate and other suspensions the carbonate tube was ice-cold at the time 
of the addition of the material to be extracted, and the tube was quickly 
plunged into boiling water and shaken to facilitate rapid heating of the 
contents. 

Extraction Analyses for Pyridine Nucleotides—The methods for deter- 
mining the various forms of the pyridine nucleotides have been described 
elsewhere (3). Protein was determined by the method of Lowry et al. (5). 


Results 


Fractionation in Sucrose—Fig. 1 presents data on the oxidized DPN and 
TPN of various cellular fractions of a rat liver, which was homogenized in 
sucrose. The fractions were extracted with 10 per cent trichloroacetic 
acid immediately as they became available. Aliquots of the various frac- 
tions were also stored at 0° and then extracted with the cold acid at the 
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time intervals indicated on Fig. 1. The values given in Fig. | represent 
the total oxidized forms of DPN and TPN. 

A steady decrease in the level of oxidized pyridine nucleotides occurred 
initially in the whole homogenate, after storage from 5 to 10 hours. An 
active DPNase is present in rat liver microsomes and is probably respon- 
sible for this fall. The decrease in oxidized coenzyme level-was followed 
by a subsequent large increase in the whole homogenate after 24 hours of 
storage at 0° (see Fig. 1). This unexpected increase also occurred in the 
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Fic. 1. Effect of aging at 0° on pyridine nucleotides of rat liver fractions. Rat 
liver homogenized and fractionated in 0.25 mM sucrose. The methyl ethyl ketone fluo- 
rescence was determined on aliquots of a 10 per cent trichloroacetic acid extract of 
the various fractions. Storage of homogenate and fractions was at 0°. 


mitochondrial fraction. In fact, the increase in oxidized DPN and TPN 
of the whole homogenate could be attributed to changes in the mitochon- 
dria. The increase in oxidized nucleotides resulting from storage at 0°, 
as will be discussed below, has been found to be due to the oxidation of 
TPNH to TPN. 

Fractionation in Sucrose-Nicotinamide—To prevent destruction of oxi- 
dized pyridine nucleotide by the DPNase of the microsomes the rat liver 
was homogenized and fractionated in 0.25 mM sucrose-0.05 M nicotinamide. 
As shown in Table I, the major oxidized coenzyme of rat liver is DPN and 
was found predominantly in the soluble fraction isolated in sucrose (Fig. 1) 
and in sucrose-nicotinamide (Table I). Nicotinamide exerts a marked 
protective effect on the oxidized pyridine nucleotides of the whole homo- 
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genate, whereas it had but little effect on the content of DPN and TPN 
in the isolated mitochondria. 

Because of the indirect suggestion of the presence of reduced coenzymes, 
all fractions were also assayed for DPNH and TPNH. The reduced pyri- 
dine nucleotides were least expected in the mitochondria, which contain 
active DPNH and TPNH oxidases, but a major portion of the liver TPNH 
was found in the mitochondria, and the quantity of TPNH actually ex- 
ceeds that of the other forms of pyridine nucleotide combined (DPN, 
DPNH, and TPN). The nuclei and microsomes contain very little of 
either reduced or oxidized forms of the coenzymes. Most of the DPNH 
and the remainder of the TPNH were found in the soluble fraction. Be- 


TABLE I 
Pyridine Nucleotides of Rat Liver Fractions* 


Total 
DPNH- DPN- duced 
TPNH | TPNH | DPNH | ‘TEN | TPN | DPN [SCS 
oxidized 
Homogenate................ 267 214 105 448 47 441 0.60 
8 7 1 8 2 3 1.0 
Mitochondria............... 72 76 4 32 0 22 2.3 
Microsomes................. a) 9 2 25 13 11 0.36 
82 59 33 335 16 331 0.24 
Total of fractions......... 171 151 40 400 31 367 
Recovery in fractions, %.. 64 71 38 89 66 83 


* The values for pyridine nucleotides are in micrograms per gm. of fresh liver. 
The liver was homogenized and fractionated in cold 0.25 m sucrose-0.05 mM nicotin- 
amide. 


cause of the low recovery of DPNH (38 per cent), the distribution data for 
DPNH are of limited value. 

Concerning the analyses, the values given under ‘‘DPNH” and “TPNH” 
individually are determined independently from those listed as ‘““DPNH- 
TPNH.” The three values represent three separate enzymatic assays. 
Reasonable agreement between the DPNH-TPNH and the sum of the 
DPNH and TPNH determinations is a guide to the reliability of the as- 
- says; serious discrepancies serve as an indication of an inhibitor of one or 
more of the enzymes or some error in the analysis. The agreement between 
these determinations, and those of the oxidized coenzymes as well, was gen- 
erally within 10 to 20 per cent. For example, the analysis of reduced di- 
nucleotides in the whole liver (Table IT) TPNH and DPNH assays resulted 
in a recovery of 104 per cent when compared to the assay for the total re- 
duced coenzymes in the Clostridium kluyveri procedure. 
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Prior to sampling of the homogenate in Table I, it had been filtered 
through two layers of cheesecloth to remove fibrous material. The re- 
moval of this material resulted in a loss of pyridine nucleotide when com- 
pared to extracts of the whole liver itself. As will be seen in Table II, the 
values obtained by sampling a sucrose-nicotinamide homogenate (unfil- 
tered) are comparable to those obtained by direct extraction of the liver. 
The values for both oxidized and reduced forms in the sucrose homogenate 
are considerably lower than the levels obtained from the whole liver prepa- 
rations. The function of nicotinamide in the homogenate was at first 
thought to be due to an inhibition of DPNase; however, it was also found 
that the reduced coenzymes were also maintained in the presence of nico- 
tinamide, suggesting that the vitamin prevented the destruction (or oxi- 
dation) of reduced pyridine nucleotides. We have previously observed 


TABLE II 
Comparison of Sucrose and Sucrose-Nicotinamide As Homogenizing Media* 
| | | Total 
TPNH DPNH | DPN- | TPN | DPN 
| oxidized 
EE SCRE eae 415 325 111 394 34 311 1.05 
0.25 m sucrose............... 292 258 28 217 33 151 1.34 
0.25 + 0.05 M nico- 
463 352 150 485 49 421 0.95 


* The values for pyridine nucleotides are in micrograms per gm. of fresh liver. 


that nicotinamide inhibited DPNH oxidation by pigeon liver mitochondria 
and microsomes (6); a similar type of inhibition may account for the pres- 
ervation of reduced pyridine nucleotides in these rat liver homogenates. 

An additional comparison between sucrose and _ sucrose-nicotinamide 
homogenates was made by following the disappearance of oxidized and re- 
duced coenzymes as the homogenate was maintained at 0°. As shown in 
Table III, the total dinucleotides present after an hour in the sucrose ho- 
mogenate were less than one-half of that in the whole liver, while the total 
in sucrose-nicotinamide was still 90 per cent of the original. Since homoge- 
nization and sampling took about 5 minutes, the earliest sample is not 
truly at ‘‘zero time;” the loss of reduced coenzyme in sucrose homogenate 
had occurred already by the time of the first sample. When nicotinamide 
was present, it will be noted that the reduced forms were closely comparable 
to the values obtained in the whole liver. 

Subfractionation of Mitochondria—To obtain further confirmation that 
the coenzyme content of mitochondrial fraction was due to these particles 
and not to contaminating microsomes or other material, the fraction that 
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was routinely isolated between 600 and 9000 X g was refractionated. As 
shown in Table IV, pyridine nucleotides were found predominantly in the 
600 to 5000 X g subfraction; very little reduced, but an appreciable amount 


TABLE III 
Nicotinamide Inhibition of Destruction of Oxidized and Reduced Pyridine 
Nucleotides in Whole Rat Liver Homogenates 


Maintained at 0°. 


Homogenizing medium Time | DPNH-TPNH | DPN-TPN | Total 

min. i y per gm. y per gm. y per gm. 
0.25 M sucrose 0 319 256 575 
30 315 0 405 
60 307 79 382 
0.25 Mm sucrose + 0.05 Mi nico- 0) 427 425 S50 
tinamide 30 442 | 359 SO] 
60 443 | 336 a9 


Whole liver 410 451 S61 


TaBLe TV 
Subfractionation of Mitochondria of Rat Liver* 


Total 


Centrifugal fraction TPNH) DPN-TPN DPN Protein 
oxidized 

Original 600-9,000 

82 76 29 2.8 20 
600-1,800 X g...... 2B wt 9 6 26 | 8.8 
1,800-5,000X 36 35 16 1 2.3 
5,000-15,000X g... 4 


* The values for pyridine nucleotides are in micrograms per gm. of fresh liver. 
Homogenization and fractionation performed in 0.25 mM sucrose. The fractions at 
600 to 1800 & g, 1800 to 5000 & g, and 5000 to 15,000 K g were prepared by recentri- 
fuging the pellet obtained on centrifuging the homogenate at 9000 X g after sedimen- 
tation at 600 XK g. The 600 to 9000 X g pellet was not washed prior to subfractiona- 


tion. 


of oxidized, coenzyme was present in the final fraction. The final fraction 
was sedimented at 15,000 X g in an attempt to recover the small particles 
that had been present in the original 600 to 9000 X g fraction. Almost all 
of the pyridine coenzymes in the initial 600 to 9000 X g fraction were found 
in the 600 to 5000 X g subfractions. Since the refractionation process took 
about 2 hours, the stability of the mitochondrial TPNH was indicated by 
the recovery of about 80 per cent of this coenzyme. The precaution of 
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using thoroughly chilled equipment, however, during the isolation and 
sampling was strictly observed. 

Effect of Temperature on Reduced TPN in Mitochondria—When the mito- 
chondria, containing TPNH, were warmed, the reduced coenzyme was 
rapidly converted to the oxidized form. The disappearance of TPNH was 
associated with the appearance of oxidized coenzyme, as illustrated in 
Table V. In this experiment the temperature was 37°, and oxidation was 
complete in 5 minutes; additional experiments at 12° indicated that com- 
plete oxidation occurred in about 30 minutes. The use of chilled equip- 
ment in handling the mitochondria is a first requisite, therefore, in deter- 
mining the amount of reduced pyridine nucleotides in this fraction. The 
rapid oxidation would also indicate that little reduced coenzyme is present 


TABLE V 
Oxidation of Mitochondria Pyridine Nucleotides* 


| 


Time | TPNH | DPNH 


DPN-TPN 
0 51 | 6 | 30 
5 4 2 77t 


* The values are in micrograms per gm. of fresh liver. Mitochondria prepared in 
cold 0.25 M sucrose. Incubation at 37° was performed in 0.02 mM phosphate buffer at 
pH 7.5. The mitochondria per ml. were equivalent to 0.48 gm. of liver; protein con- 
centration was 11.7 mg. per gm. fresh liver. 

+t The increase in oxidized coenzyme can be largely accounted for by the appearance 
of TPN. 


in situations in which mitochondria are incubated in the absence of sub- 
strate; some observations have been made that various substrates consider- 
ably retard the oxidation of mitochondrial TPNH. Approximately 7.5 y 
of coenzymes per mg. of protein were present in this mitochondrial prepara- 
tion. 

Mitochondria from Other Species and Organs—The possibility that mito- 
chondria from other organs and species also contained relatively large 
amounts of TPNH was also investigated. Assays of sucrose-nicotinamide 
homogenates and the mitochondria isolated from them were performed and 
are reported in Table VI. The level of pyridine nucleotides in rat liver is 
greater than that in any other rat organs assayed, and the ratio of reduced 
to oxidized nucleotides in the mitochondria is much higher than that in a 
similar fraction from brain, kidney, or heart. The kidney and brain each 
contained less than one-half the oxidized and reduced dinucleotides of liver, 
and the mitochondria had much more oxidized than reduced form. The 
kidney and brain mitochondria contained 24 and 19 per cent of the pyri- 
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dine nucleotides of the whole homogenate. The rat heart contained more 
total dinucleotides than either brain or kidney but less than the liver; the 
heart is also similar to brain and kidney in having a smaller amount of re- 
duced coenzymes than oxidized in the mitochondria. 


TaBLE VI 
Pyridine Nucleotide in Mitochondria of Various Organs* 
Total 
Preparation | TPNH | DpNH | DEN- | tpn | ppn_ 
oxidized 
Rat 
Liver homogenatef........ 360 222 150 439 115 420 0.82 
Mitochondriaf............ 61 58 9 27 6 18 2.26 
3.0 2.9 0.4 1.3 0.3 0.9 
Kidney homogenatef...... 159 75 113 224 61 250 0.71 
Mitochondriaf............) 15 12 1 75 15 76 0.20 
1 0.8 0.6 0.1 4.0 0.8 4.0 
Brain homogenatef........ 69 36 53 157 10 160 0.44 
Mitochondriaf............ 9 4 3 34 3 28 0.27 
0.4 0.2 0.1 1.6 0.1 1.3 
Heart homogenatef....... 184 61 143 398 40 378 0.46 
Mitochondriaf............ 5 4 1 21 5 15 0.24 
0.3 0.2 0.1 1.3 0.3 0.9 
Pigeon 
Liver homogenatef........ 407 213 252 466 15 436 0.87 
Mitochondriaf............ 7 0) 1 100 52 62 0.07 
0.4 0.5 0.03 5.6 2.9 3.5 
Mouse 
Liver homogenatef........ 318 252 122 475 44 438 0.67 
Mitochondriaft............ 19 20 1 35 17 24 0.54 
1.4 1.4 0.1 2.5 1.2 1.7 


* The organs were all homogenized and fractionated in 0.25 m sucrose-0.05 mM 


nicotinamide. 


t These amounts are in micrograms per gm. and refer to fresh liver. 


t These amounts are in micrograms per mg. of protein and refer to protein of the 


mitochondrial fraction. 


4 per cent of the total pyridine nucleotide was recovered in the mito- 
chondrial fraction of the heart. 
had higher TPNH levels than DPNH; the DPN level also exceeded that of 
the TPN by several fold in all cases. 

Table VI also gives the analyses of the livers of two other species. 
and mouse liver contain amounts of oxidized and reduced pyridine nu- 


cleotides comparable to those of rat. liver. 


The mitochondria from all four organs 


Pigeon 


Examination of the mitochon- 


dria from both the mouse and pigeon liver showed that the pyridine nucleo- 
tide distribution was quite different from that of rat liver. 


The divergence 
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was greater in the case of pigeon liver mitochondria in which the oxidized 
dinucleotides exceeded the reduced forms by 15 times; in the case of mouse 
liver mitochondria the oxidized exceeded reduced coenzymes by 1.5 to 2 
times (see Taple VI). In the mitochondria of rat liver the ratio is reversed 
(reduced to oxidized) to give values of 2 to 5.) The liver mitochondria usu- 
ally contained TPN-TPNH in predominance over DPN-DPNH, the rat 
being most accentuated, the mouse less so, and in the pigeon the two forms 
were equal. The mitochondria from other rat organs contained more DPN 
forms than TPN. Additional fractionations were performed to check the 
validity of those reported in Table VI, and results paralleling the reported 
experiments were obtained. 


DISCUSSION 


The mitochondria of rat liver contain about 10 per cent of the organ’s 
total pyridine nucleotide, but this fraction contains TPNH in predomi- 
nance over the other forms (DPN, DPNH, and TPN) combined. The 
oxidized coenzyme of isolated mitochondria is predominantly DPN. These 
analyses should prove of interest to those whose work concerns reactions 
catalyzed by mitochondrial systems and which involve DPN and TPN. 
Actually, these results, in conjunction with cytochrome c reduction and 
oxidative phosphorylation experiments, reported elsewhere (7), have been 
interpreted as evidence for two respiratory pathways in rat liver mito- 
chondria. The argument from the evidence reported here depends on the 
assumption that the pyridine nucleotides of mitochondria in vivo are pri- 
marily in the reduced form. The finding that TPNH, but little DPNH, 
survives the isolation procedure suggests that, even at 0°, the DPNH oxi- 
dizing pathway is active and the TPNH oxidizing pathway is slow or prac- 
tically inactive at this temperature. For such differential oxidation it is 
necessary to postulate two routes of oxidation. 

Glock and McLean (2) reported on the levels of both oxidized and re- 
duced DPN and TPN in rat liver and other organs. They found that rat 
liver had the highest levels of TPNH of a number of organs examined. We 
have confirmed their results in that the total pyridine nucleotide levels of 
the Wistar and Sprague-Dawley strains of rats we examined were closely 
comparable to their values. The ratio of TPNH:DPNH that they found 
was close to unity; our results fell in a range of 1.5 to 3. The values of 
Glock and McLean and those reported here may represent differences be- 
tween strains of rats, between extraction methods, or between the assay 
procedures. <A systematic evaluation of these points has not been made. 
The carbonate extracts we obtained were found to reduce cytochrome c 
and several dyes readily. These extracts, however, contained no TPNH 
or DPNH oxidase activity. 

The levels of total pyridine nucleotide in rat liver mitochondria as re- 
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ported by Chance and Williams (8) were about 5 y per mg. of protein; this 
is calculated from the increase of absorption at 340 my upon anaerobiosis. 
Huennekens and Green (9) reported that rat liver mitochondria contained 
1.6 mg. of DPN per gm. of dry weight and 1.1 mg. of TPN per gm. of dry 
weight; this would be about 3 and 2 y per mg. of protein, respectively, 
if the mitochondria were 50 per cent protem. Malev and Lardy (10) found 
rat liver mitochondria to contain 2 y of pyridine coenzyme per mg. of pro- 
tein. Values reported in this work averaged over 5.7 y per mg. of protein. 
Our values may be higher because of the measurement of TPNH by our 
procedure. 

When nicotinamide was included in the homogenization of rat liver, the 
values for oxidized and reduced pyridine nucleotides in the homogenate 
were closely comparable to those found in the whole liver, but considerable 
losses occurred when sucrose alone was employed. Nicotinamide is a 
known inhibitor of DPNase, but these effects indicate that nicotinamide 
inhibits also the oxidation of reduced coenzymes. Larner et al. (11) have 
reported that nicotinamide (0.33 mM) inhibited the oxygen uptake of brain 
homogenates. Such concentrations as 0.05 M or 0.33 M nicotinamide are 
not physiological, but the nicotinamide may be of value in analytical work 
similar to that carried out in the present study. 


SUMMARY 


1. Liver mitochondria from several strains of rats isolated in 0.25 m 
sucrose contain at least twice as much reduced as oxidized pyridine nucleo- 
tides; the major pyridine nucleotide was found to be the reduced form of 
triphosphopyridine nucleotide (TPN). Conditions for the preservation of 
reduced TPN in mitochondria are described. The soluble fraction con- 
tained most of the oxidized pyridine nucleotides of the rat liver. 

2. The mitochondria of other rat organs or of livers of other species 
contain oxidized pyridine nucleotides in predominance over reduced forms 
and thus differ from rat liver mitochondria. The isolated mitochondria of 
rat heart contain less than 4 per cent of the total pyridine coenzymes. 
Rat liver mitochondria contain 10 per cent of the total coenzymes of that 
organ. 

3. When nicotinamide is included during the sucrose homogenization of 
rat liver, the values for both reduced and oxidized forms of the pyridine 
nucleotides are greater than those when sucrose alone is used. The levels 
found with a sucrose-nicotinamide homogenate are comparable to those 
obtained from direct extraction of whole liver. 
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THE BIOSYNTHESIS OF FATTY ACIDS IN RAT LIVER 
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(From the Department of Physiological Chemistry, School of Medicine, 
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During the past several years, remarkable progress has been made in 
elucidating biological fatty acid oxidation, and it is now clearly established 
that the oxidation of acyl CoA! derivatives proceeds in the mitochondria 
(1) in a stepwise manner (2, 3) by a series of reactions closely resembling 
the hypothetical route proposed by Knoop. 

However, the biosynthesis of fatty acids has been less well understood. 
It has been postulated (2) that the synthetic process occurs by reversal of 
the oxidative sequence of reactions. Furthermore, it has been assumed 
that both breakdown and synthesis occur at the same intracellular site, 
the mitochondrion. This viewpoint was strengthened by the observation 
of Dituri and Gurin (4) that fatty acid synthesis could be observed in 
particle-free extracts of liver which contained as one component an aqueous 
extract of mitochondria. However, two possible shortcomings were ap- 
parent in this concept. In the first place, it was not found possible to 
demonstrate conversion of acetyl] CoA to butyryl CoA by recombination 
of the purified oxidative enzymes from mitochondria unless a leuco dye of 
low potential was employed as the reductant in the conversion of crotony] 
CoA to butyryl CoA (5). Secondly, although it is well known that DPNH 
is specifically required as the reductant in the B-hydroxyacyl dehydrogenase 
reaction? (7), it is probable that under physiological circumstances the 
ratio of DPNH to DPN is so low in mitochondria (8, 9) that reductive 
synthetic processes requiring DPNH would not be favored. 

In this paper will be presented evidence which indicates that fatty acid 
synthesis occurs in the soluble cytoplasmic portion of the rat liver cell. 
The cofactor requirements and probable enzymatic pathway of this syn- 
thetic process will be presented and discussed. A preliminary account of 
this work has appeared (10). 


* This work was done during the tenure of a Lederle Medical Faculty Award. 

1 The following abbreviations are used in this paper: CoA, coenzyme A; ATP, 
adenosine triphosphate; DPN, diphosphopyridine nucleotide; DPNH, reduced di- 
phosphopyridine nucleotide; TPN, triphosphopyridine nucleotide; TPNH, reduced 
triphosphopyridine nucleotide; Tris, tris(hydroxymethyl)aminomethane; KDTA, 
ethylenediaminetetraacetic acid. 

2 The nomenclature recently recommended by Beinert et al. (6) for enzymes and 
substrates of the fatty acid cycle has been employed in this paper. 
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EXPERIMENTAL 


Materials—DPN, TPN, ATP, and CoA were products of the Pabst 
Laboratories. Butyric and crotonic acids were commercial products which 
were redistilled prior to use. 2-Hexenoic acid was prepared by the Doeb- 
ner modification of the Perkin reaction (11) and boiled at) 123-124° at 
14mm. Butyryl and crotonyl CoA were prepared by the method of Simon 
and Shemin (12) as modified by Stern (13), hex-2-enoy] CoA? was prepared 
by a modification of the method of Wieland and Rueff (14), and 1-C'- 
acetic acid by carboxylation of methyl magnesium bromide with C™QOd». 
All the rats used were young males of the Sprague-Dawley strain. 

Methods— Rat liver homogenates were routinely prepared by grinding 
fresh chilled rat livers with 2.5 volumes of buffered isotonic sucrose in a 
glass homogenizer tube of the Potter-Elvehjem type with a Teflon pestle. 
The compositions of the buffers employed are given in Tables I to VII, 
respectively. The nuclei and cell debris were removed by centrifugation 
. at 600 X g for 10 minutes; the mitochondria were sedimented by centrifu- 
gation at 10,000 X g for 10 minutes in a Servall SS-1A centrifuge; and the 
microsomes were separated by centrifugation at 100,000 * g for 45 or 60 
minutes in a Spinco model L ultracentrifuge. The clear soluble superna- 
tant fraction was removed from above the microsomal pellet by a syringe- 
controlled pipette with care to avoid contamination of the soluble fraction 
by either the microsomal sediment or the topmost layer of creamy material. 
When the particulate fractions were to be employed as components of 
incubation mixtures, they were washed once by homogenization and cen- 
trifugation. All preparative operations were carried out at 0-3°. 

Dialysis of the soluble supernatant fractions was carried out anaerobi- 
cally against 100 volumes of a solution of the following composition: 0.05 


m KCl, 0.001 m cysteine, 0.001 m disodium EDTA, and 0.05 m potassium 


phosphate buffer, pH 7.5. Agitation was provided by a magnetic stirrer. 
For experiments of the type in Table III, dialysis was carried out for 20 
hours. Supernatant fractions were dialyzed for 6 to 8 hours before being 
used in experiments of the type in Tables V and VI. 

In the experiments in Tables I and III, the cell fractions and other com- 
ponents were placed in 15 X 125 mm. culture tubes and incubated in a 
constant temperature bath at 37.5° without aeration or agitation. The 
fatty acids from these experiments were isolated and assayed for C™ as 
follows: To each tube was added sufficient 50 per cent KOH to yield a 
final concentration of 10 per cent. The tubes were then heated at 90° 
under nitrogen for 1 hour with occasional agitation. The non-saponifiable 
lipides were extracted with petroleum ether in a mechanical shaking device. 
After acidification of the aqueous phase, the fatty acids were extracted by 
shaking for three 5 minute periods with 3 volumes of petroleum ether. 
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The fatty acid extracts were washed three times with water, dried over 
anhydrous sodium sulfate, and evaporated to dryness under a stream of 
nitrogen. The residues were taken up in 0.1 ml. of boiling ethanol and 
transferred quantitatively with capillary pipettes to aluminum counter 
planchets which had been weighed to 0.01 mg. The planchets containing 
the fatty acids were dried to constant weight in vacuo. Excellent repro- 
ducibility was observed in duplicate samples. The weighed fatty acids 
were then assayed for C content in a windowless gas flow Geiger counter. 

Butyryl dehydrogenase activity was determined as described by Mahler 
(15), crotonase as described by Stern (13), and 6-hydroxybutyric acid 
dehydrogenase as described by Lehninger and Greville (16). 8-Hydroxy- 
acyl dehydrogenase activity was determined as follows: To each of two 
cuvettes were added 40 umoles of potassium EDTA, 0.75 umole of DPN, 
100 umoles of nicotinamide, 100 uwmoles of Tris buffer, pH 9.0, 0.01 ml. of 
dialyzed soluble fraction, and water to give a total volume of 3.0 ml. To 
one cuvette was added 0.1 ml. of water and to the other 0.1 ml. of a solu- 
tion of crotonyl or hexenoyl CoA containing | umole of total thio ester per 
ml. The optical density at 340 mu of each cuvette was measured at 30 
second intervals. 

Oxidation of TPNH by crotonyl or hex-2-enoy! CoA was demonstrated 
in the following manner. In a tube were placed 0.6 ml. of dialyzed super- 
natant fraction, 800 uwmoles of KCl, 2 umoles of disodium EDTA, 60 
umoles of MgCle, 200 umoles of nicotinamide, | umole of TPNH, and water 
to give a total volume of 6.0 ml. Aliquots of 2.9 ml. of this mixture were 
transferred to each of two cuvettes, one of which contained 0.1 ml. of wa- 
ter and the other 0.1 umole of total acyl thio ester in 0.1 ml. of water. 
The optical density at 340 mu of each cuvette was determined at 30 second 
intervals. The values reported represent the calculated disappearance of 
TPNH due to reaction with the acyl CoA derivative. 

Protein was determined by the method of Gornall et al. (17). TPNH 
was prepared by the method of Gutcho and Stewart (18) or generated 
enzymatically by the TPN-isocitric dehydrogenase reaction. All spectro- 
photometric measurements were made in a Beckman DU spectrophotom- 
eter with cuvettes having a 1 cm. path length. 


Results 


Intracellular Site of Fatty Acid Synthesis—To ascertain which fractions 
of the liver cell participate in fatty acid synthesis, cell fractions isolated 
by centrifugation were tested singly and in various combinations for their 
ability to incorporate labeled acetate into higher fatty acids. Since fatty 
acid synthesis from acetate is a reductive process, these incubations were 
carried out in small tubes under essentially anaerobic conditions in order 
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to minimize aerobic oxidation of reduced cofactors by the electron trans. 
port enzymes of mitochondria and microsomes. To each tube were added 
DPN, TPN, ATP, 1-C'-acetic acid; in addition, isocitrate was added as a 
reductant for TPN, and glucose 1-phosphate was added as a reductant for 
DPN via the reactions of glycolysis. It is apparent from the data in 
Table I that, when each cell fraction was incubated separately, only the 
soluble supernatant fraction was capable of synthesizing fatty acids at an 


TABLE I 
Cell Fractions Active in Fatty Acid Synthesis* 
Solubl 
Tube No. Mitochondria} Microsomes supernatant Specific activity 
C.p.m. per mg. myumoles 
6 + + + 1,985 226 
4 + 0 + 12,700 414 
5 0 + + 3,780 291 
1 0 0 + 33,700 315 
2 + 0 0 148 4 
3 0 + 0 56 4 


* The homogenate was prepared by grinding rat liver in 2.5 volumes of 0.25 m 
sucrose, 0.01 mM KHCOs, and 0.001 m disodium EDTA, and was fractionated by differ- 
ential centrifugation. The particulate fractions were washed one time by resus- 
pension and recentrifugation. To each incubation tube were added 50 umoles of 
potassium citrate, 50 umoles of MgCls, 1 umole of ATP, 5 umoles of DPN, 2 umoles 
of TPN, 10 umoles of potassium acetate-1-C' (50 uc. per mmole), 25 umoles of potas- 
sium glucose 1-phosphate, 10 wmoles of cysteine, 100 umoles of potassium phosphate 
buffer, pH 7.50, and the cell fractions derived from 2.0 ml. of 500 X g supernatant 
fluid. Total volume, 3.0 ml. The tubes were incubated without aeration for 60 
minutes at 37.5°. Each tube was run in duplicate. 

t The micromoles of acetate incorporated were calculated as follows: micromoles 
of acetate incorporated = (total counts per minute incorporated)/(counts per 
minute per micromole of added acetate). 


appreciable rate, and that this rate was stimulated but little by addition 
of the mitochondrial fraction. Addition of the microsomal fraction to the 
supernatant fraction was without effect on total acetate incorporation. 
When all three fractions were combined, the rate of fatty acid synthesis 
was less than that obtained by incubation of the soluble fraction alone. 
It is also important to note that the specific activity of the fatty acids ob- 
tained by incubation of the supernatant fraction alone far exceeded the 
specific activities of the fatty acids resulting from the incubation of any 
of the combined fractions. It is of interest that the rate of fatty acid 
synthesis usually observed in liver slices under optimal conditions is approx- 
imately 3- to 10-fold greater than the rate of synthesis observed here in 
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the soluble fraction, while the specific activity of the fatty acids synthe- 
sized by the soluble fraction is 5 to 20 times greater than those usually 
obtained from liver slices. 

Cofactor Requirements for Fatty Acid Synthesis—As shown in Table II, 
it is possible to demonstrate a pyridine nucleotide requirement for fatty 
acid synthesis in the 600 X g supernatant fraction of liver homogenates 
prepared in isotonic sucrose. It is apparent that under these conditions 
very little fatty acid synthesis occurs in the absence of added pyridine 


TABLE II 


Pyridine Nucleotide Requirements for Fatty Acid 
Synthesis in Sucrose Homogenate* 


Incubation vessel No. TPN DPN Specific activity secs Pat 
pmoles pumoles c.p.m. per mg. mumoles 
1 0 0 23 4 
2 1 0 940 169 
3 2 0 513 93 
4 4 0 273 50 
5 0 1 480 6 
6 0 2 795 143 
7 0 4 | 559 87 
8 4 4 | 960 175 


* The homogenate was prepared by grinding rat liver in 2 volumes of 0.25 m su- 
crose. The nuclei and cell debris were removed by centrifugation at 600 * g for 5 
minutes. The supernatant fraction was used for incubation. 

t To each flask were added 100 ymoles of potassium phosphate buffer, pH 7.40, 12.5 
umoles of MgCle, 50 umoles of nicotinamide, 10 wmoles of glucose 6-phosphate, 20 
umoles of potassium acetate-1-C' (40 ue. per mmole), and 2 ml. of homogenate. To- 
tal volume, 3.3 ml. The flasks were incubated aerobically with shaking for 60 min- 
utes at 37.5°. 


nucleotide. However, the addition of either DPN or TPN enhances the 
synthetic rate considerably. It may be noted that TPN exerts its maxi- 
mal stimulating effect at somewhat lower concentrations than does DPN, 
which renders unlikely the possibility that TPN is functioning solely as a 
source of DPN by enzymatic conversion to the latter nucleotide. When 
added alone, the concentration of TPN is rather critical, since under these 
circumstances concentrations higher than optimal appear to be inhibitory. 
From the results shown, it is apparent that synthetic rates near maximal 
result from the addition of either nucleotide in optimal concentration. 
Although this was typical in the majority of experiments conducted, it 
was observed in a few cases that the simultaneous addition of both nucleo- 
tides was required for maximal rates of synthesis. 
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In preparations such as this, no requirement for coenzyme A could be 
demonstrated. Occasionally it was observed that added ATP was slightly 
stimulatory, but this was not a general finding. 

When well dialyzed particle-free supernatant fractions were examined, 
the cofactor requirements for fatty acid synthesis were found to be similar 
to those observed in unfractionated homogenates. In addition, a require- 
ment for added CoA was found (Table III). It may be noted that, after 
prolonged dialysis, omission of either DPN or TPN reduced the rate of 
fatty acid synthesis to quite low values. Omission of CoA almost abol- 


TABLE III 


Cofactor Requirements for Fatty Acid Synthesis by 
Dialyzed Soluble Fraction of Rat Liver* 


Incubation tube | Fatty acids, specific activity Acetate-1-C™ incorporatedt 
| c.p.m. per mg. mymoles 
| 3115 | 17 
i | 733 | 4 
| 8560 | 46 
| 565 | 3 


* The homogenate was prepared by grinding rat liver in 2.5 volumes of 0.25 m 
sucrose, 0.01 m KHCQO;. After the particles were removed by centrifugation, the 
clear supernatant fluid was dialyzed anaerobically for 20 hours. 

t To each tube were added 50 umoles of MgClz, 25 wmoles of fructose 1,6- tiahew 
phate, 10 uwmoles of cysteine, 100 wmoles of potassium phosphate buffer, pH 7.5, 20 
umoles of potassium acetate-1-C!* (50 ue. per mmole), and 2.0 ml. of dialyzed soluble 
enzyme containing 14.2 mg. of protein per ml. Moreover, to the complete tube were 
added 5 umoles of ATP, 1 umole of DPN, 1 umole of TPN, 0.2 umole of CoA, and 50 
umoles of potassium isocitrate. Total volume, 3.0 ml. The tubes were incubated 
at 37.5° for 60 minutes without aeration. 


ished synthesis. Dialyzed soluble preparations were found to display low 
rates of endogenous reduction of DPN and slow endogenous oxidation of 
TPNH. As a consequence, it was necessary to add reductants for these 
coenzymes. Isocitrate was chosen as a reductant for TPN in a number 
of these experiments because it was found to afford rapid and specific re- 
duction of this nucleotide. No trace of DPN-linked isocitric dehydro- 
genase (19) or of a-ketoglutaric dehydrogenase was found in these soluble 
preparations. The fact that omission of isocitrate also greatly depressed 
fatty acid synthesis lends additional support to the hypothesis that TPN 
is an essential cofactor for this process. Somewhat unexpectedly, omission 
of ATP was not found to depress the rate of fatty acid synthesis. It seems 
possible that ATP may have been present as a contaminant of the CoA 
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used (20), or that DPN was enzymatically converted to ATP by these 
preparations. However, these possibilities were not investigated further. 

Chain Length of Fatty Acids Produced by Supernatant Fraction—In order 
to ascertain that C'-acetate was indeed being incorporated into long chain 
fatty acids by the soluble enzyme system, the acidic reaction products 
were chromatographed on filter paper (21), and radioautograms were then 
made of the developed chromatograms. As shown in Table IV, three ra- 
dioactive components were detected which had Ry values corresponding 
to chain lengths equal to or greater than octanoie acid. In addition, radio- 
active components having PR, values of 0.35 and 0.51 were present. The 
chromatographic system employed here is not suitable for differentiating 
precisely among higher fatty acids, but it has proved quite useful for sep- 


TABLE IV 


Chromatography of Radioactive Acids Synthesized from Acetate-1-C™ 
by Soluble Fraction of Rat Liver* 


Known acids Re | Radioactive acids, Rr ‘Intensity of film darkening 
0.28 0.35 + 
Crotonic........... 0.37 0.51 ++ 
0.45 0.59 +++ 
Octanoic........... 0.60 0.69 
0.71 0.76 ++ 


* The preparation of the dialyzed soluble supernatant fraction and the conditions 
of incubation were essentially as described in Table III, footnote. After saponifica- 
tion, the fatty acids were extracted and chromatographed on Whatman No. 1 filter 
paper as described by Kennedy and Barker (21). 


arating long chain fatty acids from those of shorter chain length. It is 
apparent that the major products of the enzymatic reaction are fatty acids 
having chain lengths of 8 or more carbon atoms. 

Enzymatic Steps Catalyzed by Soluble Supernatant Fraction—Since the 
bulk of the evidence obtained by isotopic tracer methods has clearly indi- 
cated that fatty acid synthesis by animal tissues proceeds by multiple 
condensation of acetyl units, it seemed probable that in general outline 
the route of synthesis of fatty acids would be similar to the oxidative 
sequence. Therefore, the soluble fraction was assayed for several enzymes 
associated with the oxidative pathway. Rather high crotonase and £-hy- 
droxyacyl dehydrogenase activities have been found in the soluble super- 
natant fraction. The presence of somewhat less active butyryl dehydro- 
genase has also been detected in this fraction. In addition, the presence 
of an enzyme which couples the oxidation of TPNH with the reduction of 
8-unsaturated acyl CoA derivatives has been found. 

The results of representative experiments are shown in Table V. From 
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these data it is apparent that the soluble fraction contains butyryl dehy- 
drogenase activity as evidenced by the enzymatic reduction of 2 ,6-dichloro- 
phenol-indophenol upon the addition of butyryl CoA. No dye reduction 
was observed when butyric acid was substituted for butyryl CoA. Of 
those enzymes measured, crotonase was found to be by far the most active 
enzyme of fatty acid metabolism contained in these extracts. This great 
excess of crotonase activity made it possible to assay for dehydrogenation 
of B-hydroxyacyl CoA derivatives by utilizing the CoA esters of the cor- 
responding a,8-unsaturated acids as substrates. As shown in Table V, 
crotonyl CoA and hex-2-enoyl CoA each lead to enzymatic reduction of 


TABLE V 
Reactions of Fatty Acid Metabolism Catalyzed by Soluble Cytoplasmic Enzymes 
Enzyme Substrate Specific activity 
pmoles per mg. protein per hr. 
Butyryl dehydrogenase Butyryl CoA 21.3 
Butyric acid 0 
TPN ethylene reductase Crotonyl CoA 24.1 
Hex-2-enoyl CoA 20.5 
Crotonic acid 0 
Crotonase Crotonyl Co 14,300 
8-Hydroxyacyl dehydrogen- 705 
ase Hexenoyl ‘ 702 
pL-8-hydroxybutyric 17.3 
acid* 
8-Hydroxybutyrie dehydro- | pL-8-hydroxybutyric 0 
genase acid 


* Supplemented with ATP and CoA. Assayed as described by Lehninger and 
Greville (16). 


DPN at approximately the same rate. Butyryl CoA, as expected, was 
inactive as a substrate in this reaction. TPN could not substitute for 
DPN as an electron acceptor. Free pi-8-hydroxybutyric acid was also 
inert as a reductant of DPN, indicating that p-8-hydroxybutyric acid de- 
hydrogenase (16) is absent from these preparations. However, when 
supplemented with ATP and CoA in addition to pL-8-hydroxybutyric acid, 
the enzyme preparations catalyzed a slow reduction of DPN. From this 
it may be inferred that, in addition to 6-hydroxyacyl dehydrogenase, the 
extracts also contained a thiokinase for 6-hydroxybutyric acid. 

The principal reaction which appears to distinguish the fatty acid syn- 
thetic sequence from the oxidative pathway is the reduction of a,B-un- 
saturated CoA esters by TPNH which, for convenience, we have called 
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the TPN ethylene reductase reaction. In initial experiments (10) we were 
fortunate in obtaining several enzyme preparations which catalyzed a 
rapid oxidation of TPNH by crotonyl CoA. However, subsequent expe- 
rience has shown that in most rat liver preparations the reaction is a rather 
sluggish one. ‘Typical results are presented in Table V. It can be seen 
that the rate of TPNH oxidation is approximately the same whether hex- 
2-enoyl CoA or crotonyl CoA is used as the oxidant in this reaction. It 
is of interest that the rate of this reaction is almost identical with the rate 
of reduction of 2,6-dichlorophenol-indophenol when butyryl CoA is used 
as a substrate. Also of interest is the fact that no reduction of TPN was 
demonstrable, either at pH 7.4 or pH 9, when butyryl CoA was employed 
as substrate. This is to be expected, since the ’’5 at pH 7.0 of the butyryl 
CoA-crotonyl CoA reaction is approximately 0.47 volt higher than the 


TABLE VI 
Stoichiometry of Reactions of Hez-2-enoyl CoA with Pyridine Nucleotides 
umole 
Total hex-2-enoyl thio ester added*...... 0.092 


* Assayed for total a,8-unsaturated thio ester as described by Stern (13). 

t Determined from the increase in optical density at 340 mu when the 8-hydroxy- 
acyl dehydrogenase reaction was allowed to go to completion. 

t Determined from the decrease in optical density at 340 mu when the TPN ethyl- 
ene reductase reaction was allowed to proceed to completion. 


TPNH-TPN couple, according to the data of Green et al. (22). No evi- 
dence was obtained which indicated that DPNH could substitute for 
TPNH in this reaction. 

The stoichiometry of the 6-hydroxyacyl] CoA dehydrogenase and TPN 
ethylene reductase reactions are compared in Table VI. It can be seen 
that the 0.092 umole of total hex-2-enoy] thio ester added caused the re- 
duction of 0.034 umole of DPN in the 6-hydroxyacyl CoA dehydrogenase 
reaction. When an identical quantity of total hexenoy] thio ester was 
employed as a substrate for the TPN ethylene reductase reaction, it caused 
the oxidation of 0.038 umole of TPNH. 

To establish the identity of the product of the TPN ethylene reductase 
reaction, crotonyl CoA was incubated in the presence of TPNH and en- 
zyme, the reaction mixture was deproteinized with perchloric acid, and 
the acyl CoA derivatives were converted to the corresponding hydroxamic 
acids by reaction with hydroxylamine (23). The resulting hydroxamic 
acids were chromatographed on filter paper (23), located by spraying with 
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ferric chloride, and compared with samples of synthetic butyro- and crotono- 
hydroxamic acids which were chromatographed simultaneously. It is 
apparent from the data in Table VII that a product of the enzymatic re- 
action yielded a hydroxamic acid having an Ry value identical with butyro- 
hydroxamiec acid. 


TaBLe VII 
Chromatographic Identification of Products of TPN Ethylene Reductase Reaction 


Rp of unknown hydroxamic acids 


Known acids | Rr | 
| Unincubated* | Incubatedt 
Butyrohydroxamic 0.76 | 0.76 
Crotonohydroxamic 0.66 | 0.67 | 0.65 
| 0.39 


| 


* The reaction tube contained 400 wymoles of KCI, 300 wmoles of Tris buffer, pH 
7.4, 1 umole of disodium EDTA, 30 ymoles of MgCl., 100 umoles of nicotinamide, 0.78 
umole of TPNH, 0.6 ml. of dialyzed soluble supernatant fraction, and 0.5 wmole of 
total crotonyl thio ester. The reaction was stopped at zero time by the addition of 
100 wmoles of perchloric acid. 

+t This reaction tube contained the same components as the unincubated control, 
but was allowed to incubate for 20 minutes at room temperature before the addition 
of perchloric acid. 


DISCUSSION 


Although the intracellular site of fatty acid synthesis is not completely 
defined, the present data permit certain conclusions to be drawn. Since 
the presence of mitochondria enhances only slightly the rate of fatty acid 
synthesis by the soluble cytoplasmic enzymes, it seems unlikely that the 
capacity of the soluble supernatant fraction to synthesize fatty acids is 
due to contamination by enzymes extracted from the mitochondria during 
homogenization and centrifugation. The results of Dituri and Gurin (4) 
which indicated that a mitochondrial extract in addition to the soluble 
fraction was essential for fatty acid synthesis may be attributable to differ- 
ences in the components added during incubation of the extracts, to differ- 
ences in incubation conditions, or to differences in preparation of the ho- 
mogenates. The present data are in accord with the data of Popjak and 
Tietz (24), who have found that the fatty acid-synthesizing enzymes of 
mammary gland reside in the soluble supernatant fraction of this organ. 
From the standpoint of cellular physiology, a major fact which emerges is 
that fatty acid synthesis can be demonstrated to occur in the extramito- 
chondrial portion of the liver cell and may well occur exclusively here. A 
physical separation of the sites of fatty acid oxidation and synthesis is in 


| 

| 
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harmony with several other independent observations. For example, it is 
known that intact isolated mitochondria contain little DPNH (9). It is 
probable that the ratio of reduced to oxidized DPN in mitochondria is 
normally maintained at a very low value by the rapid rate of electron 
transport to molecular oxygen by the enzymes of the electron transport 
chain (7, 25). It therefore appears unlikely that reductive synthetic proc- 
esses could be effectively carried out under these unfavorable conditions. 
On the other hand, the ratio of reduced to oxidized pyridine nucleotides 
appears to be relatively high in the intact liver cell (26); this would imply 
that reduced nucleotides predominate in the extramitochondrial portion of 
the cell (26). This is in keeping with the observations that externally 
added reduced pyridine nucleotides are oxidized very slowly by intact 
mitochondria (27), and that other oxidative pathways available to reduced 
pyridine nucleotides in the soluble portion of the cell are slow and rather 
ineffectual when compared with the highly integrated and effective electron 
transport chain existing within the mitochondria. The resulting ‘reducing 
environment” in the soluble cytoplasmic portion of the cell might be ex- 
pected to favor reductive synthetic processes. Another observation, in 
keeping with the concept that fatty acid synthesis and oxidation are spa- 
tially separated, is the finding by Dauben ct al. (28) that isotopic carbon is 
equally distributed along the chain of palmitic acid which had been bio- 
logically synthesized from C'-acetate. If fatty acid svnthesis and oxida- 
tion were to proceed simultaneously at the same intracellular site, it might 
be expected that the isotope concentration would have been higher in the 
carboxyl-terminal than in the methyl-terminal end of the fatty acid mole- 
cules. From the data thus far obtained, it seems probable that an intra- 
cellular cycle of fatty acid metabolism exists within the liver cell, fatty 
acids being svnthesized in the soluble evtoplasm and oxidized in the mito- 
chondria. 

Although the data presented here do not establish with certainty the 
metabolic pathway followed in the biosynthesis of fatty acids, they are 
compatible with the hypothesis that the intermediate steps by which the 
synthetic process occurs in the soluble fraction are for the most part the 
reverse of the oxidative sequence carried out in the mitochondria. The 
principal difference thus far detected in the two processes lies in the inter- 
conversion of a,8-unsaturated acyl CoA esters and their saturated counter- 
parts. In the mitochondrion, the oxidative reaction is catalyzed by flavo- 
protein dehydrogenases (29, 30), and with these mitochondrial enzymes 
reduction of a,8-unsaturated acyl derivatives has been achieved only by 
the use of reduced dyes of low potential as electron donors (5). In the 
soluble fraction, as in mitochondrial extracts, butyryl CoA oxidation can 
be accomplished by using dyes such as 2,6-dichlorophenol-indophenol as 
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electron acceptors. In addition, however, the soluble fraction catalyzes 
the reduction of crotonyl and hexenoyl] CoA with the use of TPNH as an 


electron donor. Further study will be required to define the mechanism — 
of this reductive process. It would be of particular interest to know | 


whether this reduction is catalyzed by a single enzyme or whether it is — 


accomplished by a reductase which transfers electrons from TPNH to 


fatty acyl CoA dehydrogenase. Evidence has been presented by Hele and © 
Popjaik (31) which suggests that, in lactating mammary gland, DPNH | 


may serve as the electron donor for both reductive steps in fatty acid syn- 
thesis. Resolution of the discrepancy between the results of Hele and 
Popjak and those presented here will require further investigation. 

Since publication of our preliminary note on fatty acid synthesis in the 
soluble fraction of rat liver, a group of workers at the University of Wis- 
consin has found a similar system in pigeon liver (32, 33). Their pigeon 
liver preparation, like our rat liver system, contains the enzymes associated 
with fatty acid oxidation as well as the TPN ethylene reductase reaction 
and requires CoA, DPN, TPN, isocitrate, and a glycolytic intermediate. 
It requires, in addition, lipoic acid, ATP, glutathione, and Mn** ion. It 
seems probable that the mechanisms of fatty acid synthesis by these two 
liver preparations will be found to be quite similar or identical. 


The finding that TPNH is required as a specific electron donor for fatty | 


acid synthesis by mammalian liver has some rather interesting implications. 
In the first place, it has long been rather puzzling what functional signifi- 
cance might be attached to the intracellular coexistence of two pyridine 
nucleotide systems having almost identical oxidation-reduction potentials 
but interacting with enzymes having different substrate specificities. It 
has been suggested by Krebs (34) that the functional utility of this duality 
of nucleotides might reside in a specificity of reductive synthetic processes 
for TPNH. It would seem possible that the principal function of DPNH 
might be to transport electrons from substrates to the chain of enzymes 
catalyzing oxidative phosphorylation (25). On the other hand, it may be 
suggested, in accordance with the hypothesis of Krebs, that TPNH might 
be utilized primarily as a source of electrons for reductive synthetic proc- 
esses. A similar hypothesis has been advanced by Kaplan and coworkers 
(9). The results of the present experiments are in accord with this con- 
cept. 

The role of TPNH as an electron donor in fatty acid synthesis may also 
have interesting implications in considering factors which control the rate 
of biological fatty acid synthesis. Since the TPN ethylene reductase re- 
action is the least active of the reactions of fatty acid metabolism measured 
in the soluble supernatant fraction, it seems possible that the rate of fatty 
acid synthesis may be highly dependent upon the availability of TPNH. 


| 
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As a corollary of this hypothesis it would follow that conditions associated 
with a decreased rate of TPNH production or increased rate of TPNH 
oxidation might also be accompanied by decreased rates of fatty acid syn- 
thesis. It is well established (35, 36) that the rate of hepatic fatty acid 
synthesis is markedly depressed in diabetic animals, although the rate of 
fatty acid oxidation is not diminished (37). The mechanism responsible 
for this diminished synthetic rate has been rather elusive. Recently it 
has been observed by Glock and McLean that the activities of both glu- 
cose 6-phosphate dehydrogenase and 6-phosphogluconic dehydrogenase are 
greatly diminished in the livers of alloxan-diabetic rats (38). Moreover, 
it has been found (39, 40) that a large increase in the activity of hepatic 
glucose 6-phosphatase accompanies diabetes in the rat. Since the reac- 
tions of the hexose monophosphate “shunt” are probably the principal 
sources of TPNH in the extramitochondrial portion of the liver cell, it 
seems reasonable to suppose that increased activity of glucose 6-phospha- 
tase coupled with decreased activities of the enzymes of the hexose mono- 
phosphate shunt pathway would lead to decreased availability of TPNH 
for fatty acid synthesis. This is suggested as a possible mechanism for 
the decreased lipogenic rate which has so regularly been found to accom- 
pany alloxan diabetes. 

It has recently been observed in our laboratory (41) that the activity 
of microsomal TPN cytochrome reductase is decreased in the livers of 
hypophysectomized or hypothyroid rats and increased in the livers of 
hyperthyroid animals. Since this represents a pathway which could com- 
pete with the enzymes of fatty acid synthesis for TPNH, it seemed possible 
that decreased activity of TPN cytochrome reductase would be associated 
with an increased rate of fatty acid synthesis, and that increased activity 
of this enzyme would be accompanied by a diminished rate of fatty acid 
synthesis. In accord with this idea are the observations of Brady, Lukens, 
and Gurin (42) that hypophysectomy increases the rate of hepatic lipo- 
genesis. It seems possible that other conditions such as fasting, which 
are known to affect the rate of fatty acid synthesis, may operate in a simi- 
lar manner. 


SUMMARY 


Evidence has been presented which suggests that fatty acid synthesis 
occurs in the soluble cytoplasm of the rat liver cell and may occur exclu- 
sively here. In this process, TPNH serves as an electron donor for the 
reduction of a, B-unsaturated acyl CoA derivatives to their saturated coun- 
terparts. It appears probable that the synthesis of fatty acids in the 
eytoplasm occurs by a sequence of reactions which, except for the TPN- 
linked reduction, is essentially the reverse of the oxidative pathway exist- 
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ing in the mitochondria. These results are correlated with a number of 
independent observations on electron transport and biological fatty acid 
synthesis. It is suggested that abnormal metabolic states which are ac- 
companied by decreased rates of TPN reduction or increased rates of 
TPNH oxidaticn may also be accompanied by decreased rates of fatty 
acid synthesis. The impairment of lipogenesis which characteristically ac- 
companies diabetes mellitus may be attributable in part to a decreased 
availability of —TTPNH in the extramitochondrial portion of the liver cell. 


This work was supported in part by a grant (No. H-1731) from the 
United States Public Health Service. The author is greatly indebted to 
Mary P. Steinkamp and Theo Chrul for invaluable technical assistance in 
carrying out the work described in this paper. 


Addendum—Since this manuscript was submitted for publication, Brady e¢ al. 
(43) have published the results of experiments on fatty acid synthesis in pigeon liver 
homogenates. These results have led them to conclude that in pigeon liver, as in rat 
liver, fatty acid synthesis occurs in the soluble cytoplasm, and their evidence also 
suggests that this process requires TPNH. 
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THE CONVERSION OF 5-METHYLDEOXYCYTIDINE TO 
THYMIDINE IN VITRO AND IN VIVO* 
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The pyrimidine, 5-methylcytosine, was demonstrated by Wyatt (1) to 
be a component of plant and animal deoxyribonucleic acid.'. The deoxy- 
riboside of 5-methyleytosine was isolated from wheat germ DNA by Dek- 
ker and Elmore (2), who also characterized this nucleoside. No micro- 
organisms or viruses have yet been shown to contain this base, although 
the nucleic acids of many of these organisms have been examined for its 
presence. Its absence in bacteria may be accounted for in several possible 
ways; for example, (a) the base is not synthesized, or (b) it is metabolized 
at a rate which does not permit accumulation. Other hypotheses might 
also be required in some instances since, for example, insect viruses which 
do contain DNA lacking 5-methylcytosine multiply in nuclei in which 
5-methyleytosine is a structural component of DNA. 

Little is known of the origin or metabolism of this relatively rare base 
and its derivatives. The formation of a methyl group possibly proceeds 
via a hydroxymethylpyrimidine, thereby relating 5-methylceytosine to hy- 
droxymethyleytosine, a pyrimidine found uniquely in certain virus nucleic 
acids (3). However, it is not evident whether the formation of the methyl 
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* This research was aided by a grant from the Commonwealth Fund. 

'The abbreviations used are deoxyribonucleic acid, DNA; deoxyeytidine, CDR; 
5-methyldeoxyeytidine, 5-MCDR; thymidine, TDR; cytosine, C; 5-hydroxymethyl- 
evtosine, HMC; 5-methyvleytosine, 5-MC; tris(hydroxymethyl)aminomethane, Tris; 
ribonucleic acid, RNA, 
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group occurs on the 6-aminopyrimidines or on the 6-hydroxypyrimidines. 
In the former instance 5-methyleytosine or a derivative might be deami- 
nated to form the essential DNA component, thymine, as in the accom- 
panying diagram, in which R = H, a deoxyribosy! or a phosphodeoxyribo- 
sv] moiety. In the latter case it is possible that thymine is aminated to 
5-methyleyvtosine. Thus the problem of the origin of 5-methyleytosine 
is tied to the problem of the origin of both thymine and hydroxymethy|- 
cytosine with which we have been concerned for some years in the study 
of virus-infected Escherichia coli. 

Although the enzymatic deamination of the free base, 5-methylevtosine, 
to thymine is effected by the cytosine deaminase of veast (4), we have 
shown that the cytosine deaminase of /. coli does not act upon the methyl- 
pyrimidine (5). Furthermore, /. coli does not normally contain a cytosine 
deaminase; in this organism it is an inducible enzyme which may be dem- 
onstrated in pyrimidine-requiring strains. Neither the cytosine deaminase 
of yeast nor that of /. cold is capable of deaminating hydroxvmethyleyto- 
sine. 

However, F. coli does normally contain an active deoxycytidine deami- 
nase, so called because it deaminates deoxycytidine at a rate about 2.5 
times greater than cytidine (6). As we have shown, this enzyme is capa- 
ble of converting hydroxymethyleytosine deoxyriboside to hydroxymethyl- 
uracil deoxyriboside, although at a rate which is only 1 to 3 per cent that 
of the rate of deamination of deoxycytidine. It appeared of interest to 
determine whether this enzyme deaminates 5-methyldeoxveytidine to 
thymidine and whether it can function in this manner in intact bacteria. 


EXPERIMENTAL 


Preparations and Properties of 5-Methyldeoxycytidine—— An approximately 
equimolecular mixture of deoxycytidylic and 5-methyldeoxycytidylic acids 
was kindly provided by the California Foundation for Biochemical Re- 
search. A solution containing 6.6 mg. of the 5-methyldeoxycytidylic acid 
and 0.72 ml. of Mm MgCl. was adjusted to the phenolphthalein end point 
with NH,OH in a final volume of 12 ml. To the mixture was added 0.05 
ml. of purified alkaline phosphatase (7) containing 12 units of enzyme. — Af- 
ter 4 hours incubation at 37°, the mixture was stored at 4° overnight and 
centrifuged to remove MgNH,PO,;. The supernatant fluid was concen- 
trated and chromatographed at room temperature on three large sheets of 
Whatman No. | paper in butanol-NH,OH. Deoxyceytidine, 5-methylde- 
oxycytidine, and thymidine could be separated readily in this solvent 
(Table 1). However, if NH; 1s permitted to escape from the solvent, the 
separation of the first two nucleosides is less satisfactory. In Table I are 
given Ry values for the compounds in a number of solvent mixtures. 
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The ultraviolet absorption spectra of the compound eluted from paper 
were determined on a Beckman DU spectrophotometer in acid, neutral 


TaBLeE | 
Rp Values of Several Deoxryribosides 


Solvent mixtures CDR s-MCDR TDR 


0.64 0.70 0.87 
Ethyl acetate-POgT. 0.0 0.0 0.13 
0.21 0.29 0.48 


0.19 0.24 0.45 


*65 ml. of isopropanol, 16 ml. of concentrated HCI], 19 ml. of H2O. 

7 ethyl acetate saturated with 0.05 Mm phosphate buffer, pH 6.0 (8). 
t 150 ml. of n-butanol equilibrated with 50 ml. of 5 per cent NH,OH. 
$86 per cent by volume of n-butanol. 


OPTICAL DENSITY 


230 250 270 290 
m 
Fic. 1. Ultraviolet absorption spectra of 5-methylevtosine deoxyriboside at vari- 
ous pH levels. O, pH 7; @, pH 13; A, pH 1. 


solution, and in alkali, and are presented in Fig. 1. In 0.1 ~ HCl, a max- 
imum was observed at 287 my and a minimum at 245 my; at neutrality 
(0.05 mM Tris buffer, pH 7.0) and in 0.1 x NaOH, the spectra were virtually 
identical with maxima and minima at 278 and 255 mu, respectively, sub- 
stantially as described by Dekker and Elmore (2). However, an isosbestic 
point was obtained at 272 my in contrast to approximately 275.5 my as 
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presented by those authors (2). An isosbestic point at 272 my was ob- 
served by Cohn (9) for the 5-methyldeoxycytidylic acid and is closer to 
the value predicted by Fox and Shugar by analogy to other 5-methylcy- 
tosine derivatives (10). 

In common with other cytosine derivatives, 5-MCDR formed a crystal- 
line picrate when mixed in aqueous solution with 1 per cent picric acid. 
Generally, the picrates of the free pyrimidines were more insoluble than 
those of the nucleosides. In Fig. 2 is presented a comparison of the crystal 
forms of the picrates precipitated from aqueous solution containing 2 to 4 
umoles of cytosine derivative per ml. In some instances it was necessary 
to concentrate the solution before crystallization occurred. It can be seen 
in Fig. 2 that the picrates of 5-chlorocytidine, 5-bromocytidine, and 5-hy- 
droxymethyleytosine formed relatively thick crystals in contrast to the 
others. As noted below, the rates of deamination of these nucleosides are 
markedly slower than the rates of deamination of cytidine, CDR, and | 
5-MCDR which form needle-like picrates. 

Other Cytosine Derivatives—Hydroxymethylcytosine was kindly given 
to us by Dr. C. Miller of Merck and Company, Inc. The isolation of 
hydroxymethylcytosine deoxyriboside from the DNA of T6r+ bacterio- 
phage has been described (5). The nucleosides, 5-chlorocytidine and 
5-bromocytidine, were kindly given to us by Dr. D. Visser of the Uni- 
versity of Southern California. Cytosamine is a cytosine-containing deg- 
radation product of the antibiotic amicetin (11), which was provided by 
Dr. J. Hinman of The Upjohn Company; as estimated by the perchloric 
acid-tryptophan reaction (12), the substituent at N3 does not contain de- 
oxypentose. Cytosine, 5-methylcytosine, deoxycytidine, and cytidine 
were obtained from the California Foundation for Biochemical Research. 
Cytosine glucopyranoside and 5-methylcytosine glucopyranoside were 
gifts of Dr. James Hunter of The Upjohn Company. 

Action of Deoxycytidine Deaminase—The deaminase was prepared from 
extracts of H. coli strain B and was purified to eliminate the nucleoside 
phosphorylase. The bacteria were grown with aeration in a mineral me- 
dium containing glucose as the sole carbon source (13) and were harvested 
by centrifugation while in their exponential phase. All subsequent steps 
were carried out at 4°. The wet pellet was ground with 2.5 times its 
weight of Alumina A-301, and the sticky paste was extracted with 10 ml. 
of 0.05 m Tris buffer, pH 7.0, per gm. of bacteria. After centrifugation at 
5000 r.p.m. to remove alumina and at 40,000 r.p.m. for 2 hours, 0.1 volume 
of 0.25 mM MnCl, was added to the supernatant fluid. The mixture was cen- 
trifuged for 30 minutes at 5000 r.p.m., and to the supernatant fluid was 
added an equal volume of saturated (NH,4)2SO, adjusted to pH 7.6. After 
standing for an hour, the precipitate was removed by centrifugation. 2 | 
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volumes of saturated (NH,)SOs were added to the supernatant fluid, and 

ri the precipitate which formed in 1 hour was collected by centrifugation. 
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ml. Fig. 2. Crystalline picrates of cytosine derivatives. Total magnification, 60 X. 
= The precipitate which formed in the range of 50 to 79 per cent saturated 
x (NIf4)2504 contained at least 85 per cent of the deaminase. It was readily 
ae soluble in water and could be stored for months in the frozen state without 
fter loss. of activity. | Dialysis against distilled water produced only a slight 

9 decrease in activity. 
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Upon incubation of the enzyme with deoxycytidine at 36° in 0.05 N 
Tris buffer at pH 7.5 in quartz cuvettes in the Beckman spectrophotome- 
ter, deamination was followed by observing the change in absorption at 
282 mu. The molecular extinction coefficients at 282 my of deoxycytidine 
and deoxyuridine are 6000 and 2700, respectively; those for 5-methylde- 
oxycytidine and thymidine are 7800 and 5600, respectively, or a decrease 
of 28 per cent at 282 my as compared to a 55 per cent decrease obtained 
in the deamination of deoxycytidine. The procedure employed was essen- 
tially that of Wang (14). | 
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hig. 3. 1, theenzymatic deamination of deoxyeytidine and 5-methyvldeoxveytidine 
at 0.1 wmole per ml. in 0.05 M Tris, pH 7.0, at 36°. @, deoxyeyvtidine; O, 5-methyl- 
deoxveytidine. B, ultraviolet absorption spectra of the end products in 0.1 x HCI. 


In Fig. 3, A is presented a comparison of the deamination rates of the 
two deoxyribosides at an initial concentration of 0.1 umole per ml. At 
the end of the reactions, the conversions estimated from the extinction 
coefficients are seen to be within several per cent of the theoretical values. 
The spectra of the final products determined in 0.1 Nx HCl were those of 
deoxyuridine and thymidine, as presented in Fig. 3, B. The positions of 
the peaks did not shift in 0.1 N NaOH, revealing that the products were 
present solely as deoxyribosides. 

To characterize the reaction products more adequately, the two deoxy- 
ribosides (0.5 umole) were incubated in 1 ml. of 0.05 mM Tris buffer, pH 7.0, 
containing an amount of enzyme which produced complete deamination 
in 30 minutes at 37°. Before addition of enzyme and at 40 minutes after 


| 

( 
\ 
! 
dl 
dd 


S. S. COHEN AND H. D. BARNER 637 


incubation, the aliquots were placed in a boiling water bath for 1 minute. 
The coagulated protein was removed by centrifugation and the solution 
was concentrated. Paper chromatography in n-butanol-H,O demon- 
strated the complete conversion of deoxycytidine to deoxyuridine and of 
5-methyldeoxycytidine to thymidine. The spots revealed under ultra- 
violet light were eluted in water in yields of approximately 80 per cent. 
The spectra of the eluted initial products in 0.1 N HCl were those of deox- 
ycytidine and 5-methyldeoxycytidine; the final products possessed spectra 
of deoxyuridine and of thymidine, respectively. 

The thymidine generated enzymatically was characterized as follows: 
After elution from the chromatogram, 0.29 umole was concentrated and 
incubated in 4 ml. of 0.025 m phosphate at pH 7.8. After removal of an 
initial 1 ml. aliquot, 0.075 ml. of a complete water extract of FH. coli strain 
B containing a nucleoside phosphorylase was added to the remaining 3 ml. 
After incubation for 95 minutes at 37°, sufficient to give almost maximal 
cleavage of known thymidine under comparable conditions, the mixture 
was heated in a boiling water bath for 2 minutes and sedimented. The 
supernatant fluid was concentrated and chromatographed on paper in 
ethyl acetate-phosphate, a solvent mixture which cleanly separates thy- 
mine and thymidine (8). The initial aliquot contained no detectable 
thymine. A portion of the spot possessing the R, of the thymine was 
extracted in water and contained 0.09 umole of thymine (absorption max- 
imum 265 my) as estimated spectrophotometrically in 0.1 N HCl. 

When the rates of deamination were estimated with CDR and 5-MCDR, 
it was observed that for a fixed low enzyme concentration, 7.e. that amount 
sufficient to deaminate 0.1 umole of deoxycytidine per ml. completely in 
about 15 minutes, the initial rate of deamination of 5-methyldeoxycytidine 
was 0.55 that of deoxycytidine, at 0.05 umole of substrate per ml. At 
lower concentrations of substrate the initial rate of deamination of deoxy- 
cytidine fell off more rapidly than that of the 5-methyl nucleoside and 
the rates were substantially equal at 0.02 umole of nucleoside per ml. For 
deoxycytidine and 5-methyldeoxycytidine, the rates at this concentration 
were 32 and 60 per cent of the maximal rates, respectively. It may be 
noted that this concentration (0.02 umole per ml.) is approximately the 
lowest optimal level for fulfilling the thymine requirement of FE. coli in 
permitting growth to a level of 10° organisms per ml. Thus, in terms of 
the physiological thymine requirement of the organism, the deoxycytidine 
deaminase might be termed a 5-methyldeoxycytidine deaminase. 

Studies have also been carried out with the deaminase and a num- 
her of other cytosine nucleosides at 0.1 wmole per ml. As noted earlier, cyti- 
dine and 5-hydroxymethyleytosine deoxyriboside were deaminated, al- 
though at lower rates than deoxycytidine. 5-Chlorocytosine riboside was 
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deaminated to chlorouridine at a rate approximately a quarter that of 
deoxycytidine. The initial rate of deamination of 5-bromocytosine ribo- 
side was about a third that of the enzyme on chlorocytidine. In the latter 
instance a complete cessation of deamination occurred when the reaction 
had proceeded 40 to 60 per cent. Cytosine glucopyranoside, 5-methyl- 
cytosine glucopyranoside, and cytosamine were completely inert to the 
enzyme. 

Bacterial Experiments—A thymine-requiring bacterium, /. coli strain 
15_7, has been studied for several years in this laboratory (5, 15). Among 
the unusual properties of the organism is the phenomenon of ‘unbalanced 
growth” observed when it is permitted to metabolize ina medium complete 
in all essential metabolites except thymine (16, 17). As has been de- 
scribed, cells which have a specific deficiency with respect to this nuclear 
requirement synthesize cytoplasmic constituents such as proteins and 
RNA and fail to synthesize DNA. The result of such unbalanced growth 
is an irreversible loss of the ability to multiply, as detected by plating on 
thymine-containing media. 

The organism grows on thymidine as well as on thymine. Since the 
killing effect of 5-bromouracil is overcome by thymidine better than by 
thymine, and 5-bromodeoxyuridine is far more toxic than bromouracil in 
the presence of thymidine (17), it is inferred that in this organism thymine 
is converted initially into thymidine, which is then phosphorylated to the 
nucleotide level. 

The effect of a compound on strain 1577 is tested routinely in the follow- 
ing manner: Bacteria are grown at 37° in the aerated mineral medium 
containing glucose as sole carbon source (13) and thymine at 2 y or 0.016 
umole per ml. At approximately 3 X 10° per ml., the bacteria are centri- 
fuged and washed twice in cold mineral medium. The organisms are re- 
suspended in mineral medium, glucose, and the test compound at an equi- 
molar concentration of pyrimidine and aerated at 37°. The turbidity of 
the culture is followed in the Klett photoelectric colorimeter with a No. 
420 filter (18), and viable count is determined by plating an appropriate 
dilution on nutrient broth agar. In Fig. 4 are presented the data on the 
growth of the organism in the presence of 0.01 umole per ml. of thymidine 
or 5-methyldeoxycytidine and the loss of viability in the absence of these 
compounds or in the presence of 5-methyleytosine. Thus the free pyrimi- 
dine can be neither deaminated nor coupled to form a nucleoside by a 
nucleoside phosphorylase or by a transglycosidase. 

Washed cells, strain 15;~, were suspended at about 2 * 10° per mil. in 
mineral medium containing deoxycytidine or 5-methyldeoxycytidine at 
0.02 pmole per ml. At intervals, 0.1 ml. of 60 per cent perchloric acid was 
added to 2 ml. aliquots. The chilled tubes were centrifuged and the ultra- 
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violet absorption spectra were determined. Within a minute about 60 
per cent of the 5-methyldeoxycytidine had been converted to thymidine; 
the deoxycytidine was deaminated more slowly. 

Inhibition in Vivo—The possible inhibition of utilization of 5-methyl- 
deoxycytidine by a number of pyrimidine derivatives was determined by 
following the turbidity and viability of strain 15;~- in the presence of 
5-methyldeoxycytidine at 0.017 umole per ml. and a 10-fold molar ratio 
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Fig. 4. The growth response of E. coli strain 15, to thymidine and to 5-methyl- 
deoxycytidine. The pyrimidines were present at 0.016 umole per ml. @, no pyrimi- 
dine; O, 5-methylcytosine; X, thymidine; A, 5-methyldeoxycytidine. 


(0.17 umole per ml.) of test inhibitor. 5-Methyleytosine, 5-methylceyto- 
sine glucoside, and cytosamine were without significant effect. 

Inhibitory compounds were of three types. Inhibitions were observed 
with cytosine derivatives which were not deaminated. Thus cytosine 
glucoside produced a lag in increase of viable count and turbidity and 
about a 10 per cent decrease in the rate of growth obtained. 

Inhibitions were also obtained with cvtosine derivatives which could be 
deaminated and with their deamination products as well. Thus at a 
molar ratio of 10:1, deoxycytidine and cytidine produced 50 to 75 per cent 
inhibitions of increase in viable count and in turbidity in a 2 hour interval 
(Fig. 5). Deoxyuridine at this concentration was about as inhibitory as 
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3 times the concentration of deoxycytidine. Uridine was far less inhibitory 
in this test. 


VIABLE COUNT 
TURBIDITY 


HOURS 


Fic. 5. The inhibitory activity of cytosine derivatives toward £. coli strain 15. _ 
growing in the presence of 5-methyldeoxycytidine at 0.017 wmole per ml. @, no 
addition; X, deoxyeytidine; O, 5-methyleytosine; A, cytidine; 0, cytosine gluco- 
side. These compounds were present at 0.17 umole per ml. 


DISCUSSION 


The function of the pyrimidine nucleoside deaminase of /. coli is un- 
known at present. It may be suggested as a working hypothesis that the 
enzyme does indeed operate in one of the possible routes of thymidine 
biosynthesis, that involving the formation of a methyl group on a cytosine 
derivative, e.g. deoxycytidine. 

Although most workers consider it unlikely that pyrimidines are first 
formed as 6-amino compounds, it has been observed that, in mammalian 
systems in which deoxyuridine is converted to thymidine, the ring struc- 
ture of the former nucleoside does not enter deoxycytidine (19, 20). It 
has been suggested then that the cytosine series of compounds has an in- 
dependent origin. Nevertheless, in bacterial mutants requiring pyrimi- 
lines for growth, uracil and cytosine requirements have been interchange- 
able. In #. colt strains, W. and B,~, tested in our laboratory by isotopic 
techniques, uracil fills the complete uracil and cytosine requirement of the 
organisms (21, 22). Furthermore, when strain was grown in uracil- 
2-C™ plus unlabeled deoxyeytidine, the uracil and cytosine of DNA and 
RNA possessed equivalent amounts of label per mole of pyrimidine formed 
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(22). Thus there is no metabolic evidence that the cytosine series does 
have an independent origin in L/. colt. 

At first glance, the existence of the active pyrimidine nucleoside deami- 
nase appears wasteful to the economy of /. coli. Thus, if the main path- 
way of pyrimidine nucleoside metabolism begins with deoxyuridine and 
leads via amination to deoxycytidine, the existence of the deaminase would 
merely effect the regeneration of the deoxyuridine. On the other hand, 
it is possible that the main pathway of pyrimidine transformation in F. 
coli occurs at the nucleotide level via the condensation of orotic acid or 
uracil with pyrophosphoryl ribose phosphate to form the ribose nucleo- 
tide. In this event the deaminase may act as a scavenger mechanism for 
the recovery of useful pyrimidine derivatives after dephosphorylation of 
the key nucleotide. 

If the conversion of 5-methyldeoxycytidine to thymidine is a normal 
pathway for the generation of the DNA thymidine, the control of the 
deaminase in vivo would become a mechanism of some interest. The fact 
that a variety of enzyme substrates and products inhibits the conversion 
to thymidine, among them natural substances such as deoxycytidine, cyti- 
dine, and deoxyuridine, suggests the possibility that the formation of these 
compounds may govern the availability of thymidine for DNA synthesis. 
In this light it may be noted that uridine is a more potent inhibitor than 
deoxyuridine when thymine or thymidine is used to support growth of a 
thymine-requiring bacterium (22), whereas deoxyuridine is much more 
active as an inhibitor than uridine in the presence of 5-methyldeoxycytidine 
as the source of thymidine. 

The DNA of plants is particularly rich in 5-methyleytosine. Pyrimi- 
dine nucleosides, particularly thymidine, are readily utilized in plants, 
which also appear capable of utilizing free pyrimidines to a significant 
extent (17). The nucleosides may presumably be phosphorylated by ap- 
propriate kinases to the nucleotides. It may be imagined that the con- 
version of 5-methyldeoxycytidine to thymidine is an important pathway 
in DNA synthesis in those organisms. However, if plants were cells in 
which the pyrimidine nucleoside deaminase was limiting, two results might 
be obtained: (a) 5-Methyldeoxycytidine would accumulate and perhaps 
be phosphorylated. The nucleotide might then substitute for deoxycyti- 
dylic acid; (b) thymidine would be in short supply for DNA synthesis, 
producing phenomena of cytoplasmic elongation and unbalanced growth, 
even as is commonly observed during the differentiation of plant cells. 


SUMMARY 


The deoxyriboside of 5-methyleytosine has been isolated. The com- 
pound is deaminated tn vitro by a partially purified pyrimidine nucleoside 
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deaminase from J/’scherichia coli. The product, thymidine, was isolated 
and characterized. The rates of deamination of deoxycytidine and the 
5-methyl nucleoside were compared. 

A thymine-requiring strain of F. coli can utilize 5-methyldeoxycytidine 
to fill its thymine requirement in permitting a normal rate of growth. | 
The conversion in vivo of 5-methyldeoxycytidine to thymidine is inhibited | 
by a number of natural nucleosides. The significance of these results is 


discussed. 
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INFLUENCE OF ADRENOCORTICOTROPIC HORMONE ON 
CORTICOID PRODUCTION AND GLYCINE-1-C™ INCORPORA- 
TION INTO PROTEIN BY RAT ADRENALS* 
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It is well known that ACTH! will affect the weight of the adrenal gland 
and this has been used as the basis for several bioassays for this hormone 
(1). Fiala et al. (2) have found that cytoplasmic particles of the adrenal 
cortex increase rapidly after an intramuscular injection of ACTH. These 
observations suggest that the ACTH-stimulated production of adreno- 
corticoids may be correlated with an increase in the net amount of adrenal 
protein. The following experiments were undertaken to test this possi- 
bility. It was found that the production of adrenocorticoids under the 
stimulation of ACTH was independent of protein synthesis as reflected by 
the incorporation of glycine-1-C' into adrenal protein under a variety 
of conditions. 


EXPERIMENTAL 


Adrenal glands from male Sprague-Dawley rats weighing 150 to 200 gm. 
were quartered and incubated in a Dubnoff incubator according to the pro- 
cedures described by Saffran and Schally (3) with the following modifica- 
tions. After the usual 1.0 hour preincubation period, a medium contain- 
ing 1.6 ml. of Krebs-Ringer-bicarbonate-glucose solution, 0.10 ml. of 
glycine-1-C'4 containing 3.0 umoles of glycine and about 370,000 c.p.m. per 
0.10 ml., and saline or other additions to a final volume of 2.0 ml. was 
added. The final incubation was then carried out for 30 minutes unless 
otherwise noted. Experiments were usually run in duplicate and the re- 
sults are expressed as the average plus or minus the deviation from the 
average. In experiments involving reticulocyte-enriched blood or ascites 
tumor cells, 1.0 ml. of the tissue, 0.1 ml. of 0.15 m glucose made up in 0.11 
mM phosphate buffer of pH 7.50, 0.10 ml. of the glycine-1-C™ solution de- 


* This work was supported in part by research grants Nos. NSF-G664 and NSF- 
G1448, from the National Science Foundation and the United States Atomic nergy 
Commission, Contract AT (30-1)-918. 

‘1 Adrenocorticotropic hormone = corticotropin = ACTH. 
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scribed above, and saline or other additions to a total volume of 1.50 ml. 
were incubated with shaking at 38° in air for 1.0 hour in the case of the 
reticulocytes and for 30 minutes in the case of the tumor cells. Washed 
tumor cells or blood cells were prepared by removing the plasma by cen- 
trifugation, washing the isolated cells three times with cold saline, and 
bringing the cells back to their original volumes with saline. ‘‘Whole”’ 
ascites cells refer to the combination of ascites cells and plasma as taken 
from the animal. The production of reticulocytosis in rabbits has been 
described (4). The tumor cells were a Yoshida ascitic sarcoma propagated 
in male Wistar rats. 

After the incubation period the quartered adrenals were homogenized in 
water and the proteins were precipitated with an equal volume of 15 per 
cent trichloroacetic acid. The proteins of the blood and tumor cells were 
similarly precipitated after cell lysis with water. In incubations with whole 
blood or ‘‘whole”’ ascites cells the plasma was removed before the protein 


was precipitated. The washing and the counting of the isolated proteins | 


have been described (4, 5). In addition, the proteins were routinely ex- 
tracted with 5 per cent trichloroacetic acid at 90° for 15 to 20 minutes. 
All planchets were corrected for self-absorption. The specific activity is 
expressed as counts per minute at infinite thickness. 

The corticoid content of the methylene dichloride extract of the incuba- 
tion medium was assayed colorimetrically by the blue tetrazolium reaction 
as outlined by Elliott et al. (6), except that the final volume used for the 
optical measurement was 3.0 ml. The validity of this procedure as a meas- 
ure of corticoid output by the rat adrenal zn vitro has been discussed by 
Saffran et al. (7) and the evidence for the identification of the corticoids 
has been presented elsewhere by Elliott and Schally (8). The latter’s 
work has been confirmed in the present study. Paper chromatograms of 
the methylene dichloride extract of the preincubation and of the 30 minute 
final incubation following the addition of ACTH in a large scale experiment 
(twenty rats) yielded both corticosterone and cortisol zones. <A sufficient 
quantity of corticosterone was obtained from eluates of both the preincu- 
bation and final incubation chromatograms to make its identity certain by 
infrared spectroscopy and sulfuric acid spectra. No trace of epicorticos- 
terone was found in the corticosterone zones (9). A sufficient amount of 
cortisol was obtained from the final incubation chromatogram only to iden- 
tify it by the two methods mentioned above, while the substance in the 
cortisol zone of the preincubation chromatogram is presumed to be cortisol 
on the basis of its mobility behavior. In addition, two other zones having 
the same mobilities as those described by Heard ef al. (10, 11) as the E and 
X zones were detected on both the preincubation and final incubation chro- 
matograms. On the basis of visual examination following treatment of the 
chromatograms with blue tetrazolium and their examination under ultra- 
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violet light, the final incubation chromatogram had the greatest amount of 
these two substances, thus signifying that their production and release from 


TABLE | 
Effect of Various ACTH Preparations on Production of Corticoids by Rat Adrenals 
in Vitro and on Incorporation of Glycine-1-C into Adrenal Proteins 


Experiment No. ACTH preparation | Specific activity 
100 mg. tissue 
| 
| mu. per 2.0 ml. c.p.m. 
_ | 7.17 + 0.53) 1000 + 10 
ACTHAR-A 500 32.5 +3.5| 3724 28 
2 ; 2.99 + 0.42) 648 + 2 
Bell’s B-ACTH 100 16.7 + 1.0; 698 + 23 
200 20.0 +0.0;) 6844 £55 
300 17.0 + 0.25) 606 + 48 
3 3.80 + 0.02, 582 + 25 
Bell’s B-ACTH | 400 15.4 +0.3); 494 + 34 
4 | 3.82 + 0.12 816+ 20 
Bell’s 8B-ACTH 5 12.7 +0.4| 996+ 4 
20 15.5 + 0.7} 849 + 109 
40 21.4 +0.2; 8014 55 
5t 3.28 + 0.18; 511 4 27 
Bell’s B-ACTH 15.0 +2.3] 52742 £5 
20 19.38 + 2.8) 528 27 
40 +0.7| 5652 2 
6 | 7.60 + 0.0} 780 + 8&2 
Bell’s B-ACTH 0.5 7.75 + 0.70; 738 + 6 
1.5 9.65 + 0.90; 663 + 103 
7 5.24 + 0.89 1010 + 20 
per 2.0 ml. 
Bell’s ay + a2-ACTHT 0.5 17.4 + 0.3} 1000 + 30 
6,-ACTHT 0.5 17.5 + 0.1! 1015 + 85 
S 6.97 + 0.08) 789 + 18 
Bell’s ¥1 + y2-ACTHY 0.5 20.0 +1.7; 718 4+ 36 


* 60 minute incubation period. 
+ Uniformly labeled C'-phenylalanine used in place of C'-glycine. 
t+ ACTH samples not assayed. 


the adrenal glands are under the influence of the added ACTH. These 
results will be presented in detail in another paper. 
Preparations —ACTHAR-A ACTH,? blend 2H, was obtained from the 


2 ACTHAR-A, blend 2H, is a crude ACTH preparation obtained from the Armour 
Laboratories. It was prepared from whole hog pituitary glands by extraction with 
acidified acetone. Following removal of the solvent it was given mild acid hydroly- 
sis (7.e. treatment at pH 1.5 for several hours at room temperature) which was fol- 
lowed by dialysis and drying from the frozen state. 
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Armour Laboratories. It was assayed by a modification of the ascorbic 
acid depletion method of Sayers et al. (12) and found to have a potency of 
1.39 + 0.12 1.u. per mg.* We were fortunate in obtaining some of the 
purified ACTH peptides from Dr. Paul H. Bell of the Lederle Laboratories 
Division, American Cyanamid Company (13). Aecording to Dr. Bell the 
8-corticotropin (S-1232-21) assaved approximately 100 i.u. per mg. and the 
ay + ae (S-1079-28) and y; + ye (S-1079-45) fractions, although not as- 
saved, were, on the basis of past experience, of about the same potency. 


TABLE II 


Effect of ACTH Preparations on Incorporation of Glycine-1-C'4 into Proteins of 
Reticulocytes and Tumor Cells 


Specific activity 


ACTH preparation ACTH con- | Reticulocytes | Tumor cells 


Whole Washed | “Whole”? | Washed | Washed* 
blood | cells ascites cells | cells 
per c.p.m. | | C.p.m. c.p.m. C.p.m. 
| «648 428 2380 «1950-1420 + 30 
ACTHAR-A........... 50 | | | 1480 + 50 
| 133 | 643 | 473 | 2460 | 2090 | 
333 643 | «2430 =| «(2230 
| 250 | | | | 1500 + 80 
Bell’s 8-ACTH......... 50 615 437 2180-2060 
250 611 441 2380 | 2080 


i 


* In this experiment the washed tumor cells were brought to their original volume 
with the Krebs-Ringer-bicarbonate-glucose solution used in the adrenal incubations. 
1.80 ml. of these cells, 0.10 ml. of glycine-1-C'™, and saline or ACTH made up to a 
final volume of 2.0 ml. were then incubated in 95 per cent Os-5 per cent COs at 38° 
for 30 minutes with agitation. 


The activity of the 6; fraction was not known, but on the basis of the re- 
sults presented in Table I was of the order of the other Bell preparations. 


Results 


The data of Table I indicate that there is no increased incorporation of 
glycine-1-C' into adrenal protein under the influence of ACTH, while 
there are up to 6-fold increases in corticoid output. This is true for several 
different ACTH preparations over a wide range of concentration. The 
same results were obtained in an experiment (No. 5) in which totally la- 
beled t-phenylalanine-C™ was used in place of glycine-1-C"%. The Bell 


3 We are grateful to Mr. T. Hopkins for this assay. 


A 
| e 
a 
te 
| | 
| 
| 


30) 


S. B. KORITZ, F. G. PERON, AND R. I. DORFMAN 647 
ACTH preparations have no effect at all on the incorporation rate. How- 
ever, ACTHAR-A ACTH, which is a relatively crude preparation, causes 
a considerable inhibition of glycine-1-C' incorporation into adrenal pro- 
tein, while at the same time it stimulates a 4-fold corticoid output. This 


TABLE III 


Effect of ACTH on Incorporation of Glycine-1-C'* into Adrenal Proteins in Vitro 
and on Corticoid Output of Adrenals from Normal and Hypophysectomized Rats 


Exper- ACTH | Incuba- |Corticoid output, Specific 
iment; ACTH preparation | concen- tion y cortisol per . Condition of animal 
No. tration | time 100 mg. tissue activity 
min. c.p.m 
1 10 | 2.37 172 Normal 
ACTHAR-A 200 10 4.74 162 
20 517 
ACTHAR-A 200 20 | 8.21 366 
40 | 3.68 1150 
ACTHAR-A 200 40 /21.6 820 
80 | 5.95 2840 
ACTHAR-A 200 80s |44..7 1450 
2 30 | 3.33 + 0.11) 490 + Hypophysecto- 
Bell’s B-ACTH 2.5; 30 | 5.29 + 1.27; 465 + 58) mized 3-4 days 
5.0 30 6.52 + 0.06; 500 + 90 
7.89 + 0.03) 400 + 35 
3 | 30 | 4.638 + 0.34; 409 + 51} Hypophysecto- 
Bell’s B-ACTH 5 | 30 10.9 + 2.9 | 489 + 13! mized 7-8 days 
15 30 (18.9 536 + 1 
45 30 |14.1 + 2.4 | 45442 13 
4 120 | 8.40 + 0.3 |4120 Hypophysecto- 
Bell’s B-ACTH 50 120 (44.9 + 4.4 [3330 mized 10-11 
240 (13.4 + 3.3 (8030 days 
Bell’s B-ACTH 50 240 (76.2 + 6.7 |8330 
5 120 (13.2 + 0.7 + 80] Normal 
Bell’s B-ACTH 50 120 (36.1 + 4.0 |3680 + 70 
240 (21.3 + 1.7 |8030 + 340 
Bell’s B-ACTH 50 240 (47.6 + 0.5 \7390 + 440 


has been observed consistently (see also Tables III and IV). It is of in- 
terest that this preparation has no effect on the incorporation of glycine- 
1-C' into the proteins of reticulocytes or Yoshida ascites sarcoma cells 
(Table II). This was found to be true also for tumor cells incubated under 
exactly the same conditions as the adrenal tissue. These results suggest 
that there is a factor present in this pituitary preparation which specifically 
inhibits incorporation of glycine-1-C" into the proteins of the adrenal gland. 

Incubating the adrenal glands of rats previously hypophysectomized at 


bie | 
of 
the | 
ries | 
the 
the 
as- | 
if 
0) 
0 | 
1e 
Is. 
a 
S. 
of 
e 
| 


648 INFLUENCE OF ACTH 


different intervals of time or varying the time of incubation from 10 to > 
240 minutes with adrenals from normal or hypophysectomized rats revealed | 


little or no effect of Bell’s 6-corticotropin on the incorporation of glycine- 


TaBLE IV 


Effect of ACTH and Amino Acid Analogues on Incorporation of Glycine-1-C™ into 
Adrenal Proteins in Vitro and on Corticoid Output of Rat Adrenal Glands 


“ent ACTH preparation | | Inhibitor* | Cortisol per 106 Specific activity 
mu. per 2.0 ml. 

it | 7.49 + 0.19 | 1830 + 40 
ACTHAR-A 500 50.0 + 2.0 | 1100 + 15 
; | g-2-TA 4.37 + 0.08 | 1410 + 20 
ACTHAR-A 500 $s 47.90 + 0.12 | 919 + 16 

2 | 5.65 616 

B-2-TA 3.71 495 

ACTHAR-A 100 12.0 584 

$6 200 15.8 553 

a 300 17.9 457 

100 B-2-TA 17.0 498 

$6 200 és 14.3 417 

$6 300 ss 14.5 355 
3 | 7.00 + 0.55 | 783 + 33 
ACTHAR-A 100 IS.1 + 0.4 588 + 26 
| 5-MT 5.88 + 0.06 | 637 + 52 
ACTHAR-A a + 18.6 + 0.6 425 + 12 
4 | 4.12 + 0.26) 848 + 34 
Bell’s B-ACTH 100, (15.2 + 0.3 840 + 7 
B2-TA | 4.41 40.59 | 733 + 0 
Bell’s B-ACTH 100 13.1 + 0.1 636 + 16 
5 | 5.62 + 0.37 | 724 4+ 14 
Bell’s 8B-ACTH 100 | 14.1 710 + 49 
5-MT 4.70+ 1.10) 620+ 0 
Bell’s B-ACTH 100 (16.7 + 0.2 528 + 14 


* 8-2-TA = 8-2-thienylalanine at 0.0188 M final concentration. 5-MT = 5-methy]- 
bL-tryptophan at 0.0063 Mm final concentration. 
tT 1.0 hour final incubation. 


1-C'™ into adrenal proteins (Table III). ACTHAR-A ACTH had its 
usual inhibitory effect. There was a considerable stimulation of corticoid 
output by both ACTH preparations. 

If ACTH is indeed acting via the synthesis de novo of protein, the possi- 
bility exists that only a relatively small amount of the new protein formed 
is ACTH-sensitive. The quantity and specific activity of this protein may 
be so small that in relation to the larger mass of ACTH-insensitive protein 
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it would be undetected analytically. This does not seem probable in view 
of the results obtained with the ACTHAR-A ACTH for which there was 
an inhibition of glycine-1-C' incorporation alongside a stimulation of cor- 
ticoid output. However, to test this point further incubations were run in 
the presence of amino acid analogues. 

The data in Table IV show that @-2-thienylalanine and 5-methyl-pL- 
tryptophan will inhibit the rate of incorporation of glycine-1-C™ into 
adrenal protein without affecting the ACTH stimulation of corticoid out- 
put. It should be noted that the inhibition of incorporation caused by the 
antagonists and by ACTHAR-A ACTH is approximately additive and 
apparently does not affect one another. The synergistic effect of Bell’s 6-cor- 
ticotropin on the inhibition by the amino acid analogues has been observed 
in about half the cases tested. Its significance, if any, is not known. 


DISCUSSION 


The results presented indicate that the ACTH preparations used were 
capable of consistently evoking in vitro an increased production of corti- 
coids but caused no increase of incorporation of glycine-1-C'™ into adrenal 
proteins. There is apparently no relationship between an increase in cor- 
ticoid output under the influence of ACTH and any increase in protein as 
reflected by glycine-1-C™ incorporation. This is established by the fol- 
lowing results: (1) The Bell ACTH preparations greatly increase corticoid 
output but have little or no effect on C' incorporation. (2) ACTHAR-A 
ACTH greatly increases corticoid output but inhibits C'-glycine incorpora- 
tion. (3) Amino acid analogues inhibit C'-glycine incorporation but have 
no effect on ACTH-stimulated corticoid output. These results were ob- 
tained with adrenal glands from normal and hypophysectomized animals 
under a variety of conditions of ACTH concentration and incubation times. 
Davison and Hofmann (14) have recently reported an increased incorpora- 
tion of cysteine-S* into rat adrenal protein after the incubation with ACTH 
in vitro. However, their procedures would not exclude cysteine bound to 
protein by disulfide linkages. 

In view of the above discussion one is prompted to consider the signifi- 
cance of the known action of various ACTH preparations on adrenal repair 
and adrenal maintenance in hypophysectomized animals. One possibility 
is that any effect of ACTH on protein synthesis takes place only over a 
relatively long period. This would be in accord with the observations made 
by Li (see Young (15)) that an ACTH effect on adrenal weight is most ap- 
parent when the hormone is suspended in a medium which permits slow 
absorption. However, Fiala e¢ al. (2), using centrifugation methods, have 
reported an increase in cytoplasmic particles in the adrenal cortex 2 hours 
after the administration of ACTH. A redistribution of intracellular pro- 


0 to. 
‘aled | 
‘ine. | 
into 
tivity 
40) 
15 
20) 
16 
30 
26 
52 
12 
34 
7 
16 
14 
49 | 
0) 
14 | 
yl- 
its 
id 
sI- 
“| 
| 
in 


650 INFLUENCE OF ACTH 


teins is not ruled out in this case, however. Another possibility is the ex- 
istence of a multiplicity of pituitary factors which affect the adrenal. 
Some of these ACTH preparations may affect corticoid output and others 
adrenal weight. This question has been investigated by several workers 
(15-18). While the present work represents findings obtained in vitro and 
shows no effect of ACTH on glycine-C" incorporation into rat adrenal pro- 
tein, the possibility remains that ACTH has an influence on adrenal weight 
only in conjunction with other factors, hormonal or otherwise, which are 
present only in the intact animal. 


SUMMARY 


There is no relationship between the stimulation in vitro by various 
corticotropin (ACTH) preparations of corticoid output by the rat adrenal 
gland and the incorporation of glycine-1-C™ into adrenal proteins under a 
rariety of conditions. This is interpreted to indicate that ACTH action 
is not mediated via the synthesis of new protein. A crude ACTH prepara- 
tion has been found to inhibit the incorporation of glycine-1-C"™ into adrenal 
proteins. It does not inhibit the incorporation into the proteins of reticu- 
locytes and ascites tumor cells. 
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PANTOTHENYLCYSTEINE, A PRECURSOR OF PANTETHEINE 
IN LACTOBACILLUS HELVETICUS* 


By GENE M. BROWN 


(From the Division of Biochemistry, Department of Biology, Massachusetts Institute 
of Technology, Cambridge, Massachusetts) 


(Received for publication, October 5, 1956) 


The first evidence concerning the origin of the sulfur-containing moiety 
of pantetheine and CoA! was the finding in 1952 by Pierpont and Hughes 
(1) that whole cells of Lactobacillus arabinosus can convert PA to CoA 
only in the presence of cysteine (or cystine). In 1953 Brown and Snell 
(2) suggested that pantothenylcysteine is an intermediate in the forma- 
tion of pantetheine from PA and cysteine. This suggestion was based on 
(a) the apparent enzymatic synthesis of pantothenylcysteine by cell-free 
extracts of Proteus morganii, (b) the high activity of this compound in re- 
placing PA for growth of Acetobacter suboxydans, and (c) the conversion of 
pantothenyleysteine to pantetheine by dried cells of the latter organism. 
In 1954 Hoagland and Novelli (3) strengthened the position of pantothen- 
yleysteine as a metabolite by demonstrating that it could substitute for 
PA and cysteine as substrate for CoA synthesis by dialyzed rat liver ex- 
tracts. 

However, the role of pantothenylcysteine in the lactic acid bacteria was 
uncertain. Brown, Ikawa, and Snell (4) found that, in contrast to its ac- 
tivity for A. suborydans, pantothenyleysteine cannot readily replace PA 
or pantetheine as a growth factor for several species of the lactic group. 
Pierpont et al. more recently have confirmed these results (5). Of this 
group of bacteria probably most is known about the growth response of 
Lactobacillus helveticus to PA and the various bound forms of PA. In 
short term (20 to 24 hours) growth experiments this bacterium uses pante- 
theine (or pantethine) about 100 times as effectively as PA, but panto- 
thenyleysteine is only slightly active (4). However, PA becomes increas- 
ingly active at lengthened incubation periods (6). The present work was 
undertaken to clarify the latter result and to study the possible role of 
pantothenylevsteine in the nutrition and metabolism of L. helveticus. As 
described below, under the proper conditions both PA and PC are just as 
active as pantethine even in short term growth experiments. Evidence 

* This work was supported by Grant G1300 of the National Science Foundation. 

‘The following abbreviations are used in this paper: CoA for coenzyme A, PA 
for pantothenic acid, and PC for pantothenyleystine. No abbreviation is used for 
pantothenvleysteine (the sulfhydryl or reduced form of PC). 
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is also presented that pantothenyleysteine is an intermediate in the syn- 
thesis of pantetheine by at least two species of the lactic group and the 
enzyme which forms pantetheine from pantothenyleysteine was found to 
be present in LL. helveticus. The implications of this discovery are dis- 
cussed and a method for obtaining the enzyme in soluble extracts and 
some of its properties are described. 


EXPERIMENTAL 


Methods and Materials—The basal medium of Craig and Snell (6) was 
used in all of the growth experiments, except as noted in the text. Pan- 
tetheine was determined by microbiological assay (6) with L. helveticus 
80 (6). Pantethine (the disulfide) has half of the molar activity of pan- 
tetheine in this assay (7); PA (6), PC (or the reduced form of the com- 
pound, pantothenylcysteine) (4), and CoA (6) are essentially inactive. 

Pantethine was supplied through the courtesy of Dr. O. D. Bird. The 
preparation of the diammonium salt of the mercuric mercaptide of panto- 
thenylcysteine has been described previously (8). The sodium salt of 
d-pantothenylcystine, a gift from Dr. E. E. Snell, was prepared by Dr. 
J. F. Cavalla and Dr. R. E. Bowman of Parke, Davis and Company, Ltd., 
Hounslow, England, and was shown to liberate the theoretical amount of 
B-alanine on acid hydrolysis (8). 

Growth Experiments—The following experiments were devised to deter- 
mine the minimal amounts of PA and PC which will support good growth 
of L. helveticus. Since L. helveticus utilizes PA more effectively at low pH 
values (4), the initial pH of the medium was adjusted to 5.5 for these ex- 
periments. All incubations were at 37°. 

Washed cells from a culture of L. helveticus which contained just enough 
PA (420 X 10-4 umole per 10 ml.) to give half maximal growth were sub- 
cultured on medium in which the PA content had been reduced. These 
cells were able to grow half maximally on 170 X 10-* umole per 10 ml. 
This system of culturing in media containing progressively smaller amounts 
of PA was followed until after ten successive transfers a culture was ob- 
tained which would grow half maximally on 1.7 X 10~* wymole of PA. Fur- 
ther transfers did not lower this requirement. This PA-sensitized culture 
will be called L. helveticus 80-PA or the PA strain. The original culture 
will be called the parent strain. 

The parent strain was then grown on varying amounts of PC in place 
of PA and the same procedure was followed to obtain, after eleven trans- 
fers, a culture able to grow half maximally on 1.7 X 1074 ymole of PC 
(calculated as PA equivalents) per 10 ml. This culture will be referred 
to as L. helveticus 80-PC or as the PC strain. The amounts of PA and 
PC required for growth after each successive transfer used in obtaining 
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these two strains are shown in Table I. A comparison of the amounts of 
PA, PC, and pantethine required for growth of the PA, PC, and parent 
strains is presented in Experiment A of Table I]. These data show that 


TABLE I 
Pantothenic Acid and Pantothenylcystine Requirements of L. helveticus 


Pantothenic acid equivalents required for half maximal growth, wmoles X 
104 per 10 ml. 
Calcium pantothenate | Pantothenylcystinet 
] 420 1450 
2 170 435 
3 42 218 
4 21 43 
5 13 22 
6 6.3 14 
7 4.2 8.7 
8 3.3 4.4 
9 2.5 3.5 
10 1.7 2.3 
11 1.7 1.7 
12 1.7 


* See the text for a description of the procedure. 
+t Supplied as the sodium salt. This compound contains 2 equivalents of pan- 


tothenic acid per mole. 


TABLE II 
Comparative Activities of Pantothenic Acid, Pantothenylcystine, and Pantethine in 
Supporting Growth of Strains of L. helveticus* 


- - 


Pantothenic acid equivalents required for 
half maximal growth, wmoles X 104 per 10 ml. 
Calcium Pantothenyl- 
| pantothenate | cystinet Pantethinet 
A L. helveticus 8O | 420 | 1450 1.8 
| 1.7 2.4 1.6 
80-PC | 1.7 | 1.6 


* The activities were determined after incubation for 40 hours and may vary with 
shorter incubation periods. 

t These compounds contain 2 pantothenic acid equivalents per mole. 

t Before the determination of the activities listed under ‘“‘:xperiment B,’’ each 
strain was allowed to grow through three successive transfers on medium containing 
pantethine in place of PA or PC. 
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both the PA and PC strains can utilize all three compounds with equal 
effectiveness. Thus, the exposure of the parent strain to progressively 
smaller amounts of PA yielded cells which would grow on small amounts 
of either PA or PC. Similarly, the PC strain was able to grow equally 
well on PA or PC. The pantethine requirements of the two derived strains 
remained the same as the parent strain. It would appear from these re- 
sults that the PA and PC strains are identical. 

In order to decide whether or not the PA and PC strains consisted 
merely of cells which were reversibly adapted to utilize PA and PC, these 
two strains were each grown for three successive transfers on medium 
which contained pantethine (18 X 10-4 umole per 10 ml.) in place of PA 
or PC. The responses of these cultures to PA and PC were then redeter- 
mined. The results, summarized in Experiment B of Table II, show that 
this treatment had not altered the PA and PC requirements. Even after 
9 months, during which time they were cultured on litmus milk and trans- 
ferred at monthly intervals, these cultures still exhibited essentially the 
same PA and PC growth requirements. Thus it appears that these bac- 
teria are not merely adapted to utilize PA and PC but are genetically dif- 
ferent from the parent strain in this respect. 

Conversion of PC to Pantetheine by Resting Cell Suspensions of L. helveti- 
cus—| liter cultures of the parent, PA, and PC strains of L. helveticus were 
grown (37° for 20 hours) at pH 5.5 on synthetic media (6) which contained 
pantethine, PA, and PC, respectively. The cells from each culture were 
harvested by centrifugation, washed with 0.9 per cent saline, and finally 
suspended in enough distilled water to give a suspension which contained 
0.1 ml. of packed cells per ml. The abilities of these resting cells to con- 
vert PC to pantetheine, shown in Table III, correlate exactly with the 
growth data in Table II. Thus, the parent strain, which could not effec- 
tively utilize PA or PC for growth, was also unable to form pantetheine 
from PC. On the other hand, the PA and PC strains which could utilize 
PA and PC for growth also were able to convert significant amounts of 
PC to pantetheine. A source of energy, supplied as glucose, had to be 
added for the production of pantetheine. The energy was probably needed 
for absorption of PC by the cells, since experiments described below show 
that no source of energy need be supplied when the decarboxylation is 
carried out by acetone-dried cells or cell-free extracts. A reducing com- 
pound, supplied as cysteine, was not an absolute requirement but was 
somewhat stimulatory (Table III). The reaction is described as the for- 
mation of pantetheine rather than pantethine, because the experiments 
discussed below have established that the substrate of the reaction is pan- 
tothenylcysteine. 

Formation of Pantetheine from PC by Acetone-Dried Cells of L. helveticus 
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— Acetone-dried cells of the PA and PC strains of L. helveticus were able 
to convert PC to pantetheine in good yields (Table IV). These results 


TaBLeE III 


Formation of Pantetheine from Pantothenylcystine by Resting Cell Suspensions of 
Strains of L. helveticus 


Pantetheine formed, umole per 2 ml. 


Reaction mixture 
L.helveticus 80 L. helveticus 80-PA | L. helveticus 80-PC 


0 0.020 0.015 
Minus glucose..................... 0 0 0 
0 0.012 0.012 
 pantothenylcystine......... 0 0 0 


The complete reaction mixture contained, per 2 ml. of volume, 0.07 umole of pan- 
tothenylcystine, 0.5 ml. of phosphate-acetate buffer, pH 5.5 (0.05 m with respect to 
each), 1 mmole of glucose, 1 mmole of cysteine, and 0.1 ml. of packed cells. After 
incubation overnight at 37° each reaction mixture was heated at 100° for 15 minutes 
and centrifuged and the amount of pantetheine (or pantethine) in the supernatant 
solutions was determined. Simultaneous assay with Saccharomyces carlsbergensis 
4228 showed that no PA was formed. 


TaBLeE IV 


Conversion of Pantothenylcystine to Pantetheine by Acetone-Dried Cells of 
Strains of L. helveticus 


Pantetheine formed, 


| 
Organism* | umole per 3 ml. 


The reaction mixtures contained, per 3 ml. of volume, 0.07 umole of pantotheny]- 
cystine, 12 wmoles of cysteine, 1 ml. of 0.1 m phosphate buffer, pH 7.6, and 20 img. of 
acetone-dried cells. After incubation at 37° for 3 hours each reaction mixture was 
heated at 100° for 15 minutes and centrifuged and the amount of pantetheine in the 
supernatant solution was determined. The product was identified as pantetheine 
by detection as the mixed disulfide of cysteine on bioautographs. 

* Acetone-dried cells were prepared as follows: A watersuspension of washed cells 
was poured, with stirring, into 10 volumes of cold (—20°) acetone. After stirring 
for 15 minutes, the suspension was filtered with suction and washed with an equal 
volume of cold ether. The cells were then dried over P20; in a vacuum. 


were expected, since whole cells of these strains carry out the reaction. 
Unexpectedly, acetone-dried cells of the parent strain also were able to 
convert PC to pantetheine (Table IV), although PC is relatively inactive 
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as a growth factor for this strain and whole cells did not carry out the 
reaction. These data suggest that cells of the parent strain fail to utilize 
PC effectively for growth, not because they are deficient in the enzyme 
which converts PC to pantetheine but because they are not able to absorb 
appreciable amounts of PC from the medium. 

The results shown in Table V summarize the effects of sulfhydryl com- 
pounds on the reaction. If the substrate is added in the reduced form, as 
the mercuric mercaptide of pantothenylcysteine, pantetheine is produced 
in the absence of a reducing agent and the addition of a reducing com- 
pound, as cysteine, has no effect on the amount of pantetheine produced. 


TABLE V 


Effect of Sulfhydryl Compounds on Conversion of Pantothenylcystine to Pantetheine 
by Acetone-Dried Cells of L. helveticus 80 


Substrate Sulfhydryl compound added P 
Pantothenyleystine None 
Cysteine 0.050 
Homocysteine 0.054 
Thioglycolie acid 0.022 
Pantothenylcysteine, Hg mer- None 0.030 
captide 
Pantothenyleysteine, Hg mer- Cysteine 0.028 
captide 


The reaction mixtures contained, per 3 ml. of volume, 0.07 umole (equal to 0.14 
umole of PA equivalents) of substrate (as pantothenyleystine or the mercuric mer- 
captide of pantothenylcysteine), 12 wmoles of sulfhydryl compound (adjusted to 
pH 7.6), 1 ml. of 0.1 Mm phosphate buffer, pH 7.6, and 20 mg. of acetone-dried cells 
prepared from L. helveticus 80. See Table IV for details of the incubation and 


assay. 


However, when the substrate is supplied in the oxidized form, as PC, no 
formation of pantetheine occurs unless a sulfhydryl compound is also sup- 
plied. Cysteine, homocysteine, and thioglycolate were all effective. 
These results indicate that the substrate for the enzyme is pantothenyl- 
cysteine (the —-SH form) rather than the oxidized or disulfide form of 
the compound. Since the reaction involves a decarboxylation with elim- 
ination of COs, the enzyme is named pantothenyleysteine decarboxylase. 


Distribution of Enzyme—-Acetone-dried ceils of a number of microorgan-_ 


isms were tested as sources of pantothenylcysteine decarboxylase. The 
only species besides L. helveticus which appeared to contain the enzyme 
was Lactobacillus bulgaricus, strain 521. Organisms in which the enzyme 
was not detected included Lactobacillus acidophilus, Lactobacillus del- 
brueckii, L. arabinosus, Lactobacillus casei, and P. morganiz. 
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Preparation of Active Cell-Free Extracts of L. helveticus—Extraction of 
acetone- and vacuum-dried cells of L. helveticus with buffers at various 
pH values yielded very little soluble protein and no pantothenylcysteine 
decarboxylase. Grinding cell pastes with alumina or powdered glass was 
also ineffective. Treatment of cell suspensions up to 2 hours in a 10 ke. 
Raytheon ultrasonic oscillator yielded very few broken cells. However, 
oscillation of cell suspensions for 1 hour in the presence of carborundum, 
added at a level of 40 mg. per ml. of suspension, gave a high percentage of 
broken cells with the release of large amounts of soluble protein. The 
soluble and insoluble fractions were separated by centrifugation (100,000 
xX g) in a Spinco ultracentrifuge and both were tested for enzymatic ac- 
tivity. No activity could be detected in the soluble extract, but the in- 
soluble material was very active. This indicates that the decarboxylase 
is associated with the particulate matter of the cells. 

The enzyme was brought into solution by subjection of suspensions of 
acetone-dried cells to ultrasonic vibrations. For this purpose, 1 gm. of 
the dried cells was suspended in 50 ml. of 0.05 m phosphate buffer, pH 7.4, 
and treated in the 10 ke. oscillator for 1 hour. Insoluble material was 
removed as before by high speed centrifugation. The resultant soluble 
extract contained about 50 per cent of the enzymatic activity of the ace- 
tone-dried cells. The remaining 50 per cent presumably was destroyed 
by the treatment in the oscillator. 

Properties of Enzyme—The activity of cell-free extracts remained con- 
stant when they were stored at 4° between pH 5.5 and pH 7.5, but prepa- 
rations stored at pH values lower than 5.5 or higher than 7.5 rapidly lost 
activity. Extracts were dialyzed at 4° for long periods of time between 
pH 5.5 and 7.5 without loss in activity. Dialysis against Versene also 
caused no loss in activity. Soluble preparations were stable at tempera- 
tures up to 38° for as long as 3 hours. However, exposure to temperatures 
of 50° and 60° for 30 minutes resulted in the loss of 30 per cent of enzyme 
activity. The decarboxylase functions well between pH 5.5 and 7.5 with 
no sharply defined optimal value. 

This enzyme has been particularly hard to purify. The conventional 
salt and solvent fractionation procedures have failed to give any purifica- 
tion both before and after the removal of ribonucleic acid. Large amounts 
of the latter material were removed by incubation of the extracts with 
ribonuclease for 1 hour at pH 7.0 followed by dialysis. This procedure 
resulted in no loss of enzyme activity but removed up to half of the tri- 
chloroacetic acid-precipitable material. Attempts to precipitate ribo- 
nucleic acid by treatment with manganese chloride or protamine were un- 
successful, since both of these agents also precipitated and inactivated the 
enzyme. The decarboxylase was adsorbed on calcium phosphate or alu- 
mina Cy gel at pH 7.0 and was eluted from these gels with M ammonium 
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sulfate adjusted to pH 7.4. This procedure gave a 2-fold purification of 
the enzyme with quantitative yield. Attempts to fractionate the enzyme 
(both prior to and following the gel step) by additions of ammonium sul- 
fate or solvents have resulted in a spreading of the enzyme over a wide 
range of protein fractions with no purification being achieved. Varying 
the pH or additions of cations such as Znt+*+ and Mn** did not help. Some 
trouble has also been encountered in keeping the enzyme in solution. 
Crude soluble extracts which contained 10 to 20 mg. of protein per ml. 
could be stored indefinitely at 4° or —20°, pH 7.0, without precipitation 
of protein or loss of enzyme activity. Also the protein in preparations 
purified 2-fold, which contained up to 6 mg. of protein per ml., remained 
fairly soluble; however, overnight storage of preparations purified 2-fold, 
which contained more than 6 to 8 mg. of protein per ml., resulted in the 
precipitation of large amounts of inactive protein and enzyme. The addi- 
tion of sodium cholate or solvents did not prevent the precipitation of the 
enzyme, nor did the addition of these agents to the precipitates result in 
any appreciable amount of redissolved protein. 

Stimulation by Sulfate and Thiosulfate Tons—During the course of these 
investigations it was found that if the gel eluates were tested for enzyme 
activity without the removal of the ammonium sulfate an apparent en- 
zyme yield of 200 to 300 per cent resulted. Removal of ammonium sul- 
fate by dialysis lowered the figure to 100 per cent. The activity of the 


dialyzed preparation could be raised to the higher value by the readdition 


of ammonium sulfate to the reaction mixtures. Also a 2- to 3-fold in- 
crease in enzyme activity could be observed by the addition of ammonium 
sulfate to crude extracts. Further investigations showed that the stimu- 
latory effects could be duplicated by the substitution of ammonium sulfate 
by sodium or potassium sulfate but not by other ammonium salts. Of a 
large number of other anions which were tested only thiosulfate had any 
stimulatory effect. The amount of sulfate needed for maximal stimula- 
tion and the relative activities of those compounds which were found to 
be stimulatory are shown in Table VI. Anions which either had no effect 
or inhibited the reaction were chloride, bromide, iodide, nitrate, nitrite, 
carbonate, borate, arsenate, molybdate, chromate, sulfite, hydrosulfite, 
sulfide, and persulfate. Phosphate can be excluded because the reaction 
is carried out in phosphate buffer. 

Since such high concentrations of sulfate or thiosulfate were required 
to show the stimulatory effect, it was thought that the activation might 
result from the presence of a cation as an impurity in the sulfate or thio- 
sulfate salts used. This possibility was discounted after a large number 
of cations was tested and none was found to stimulate the reaction. These 
included the monovalent cations of lithium, sodium, potassium, and am- 
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monium, the divalent cations of cadmium, calcium, copper, iron, magnesium, 
manganese, nickel, and zinc, and the trivalent cations of aluminum and 
iron. The possibility remained that sulfate and thiosulfate stimulated 
the reaction by removing inhibitory heavy metals from the enzyme prep- 
aration. This possibility was also shown to be unlikely with the finding 
that the addition of heavy metal ions such as Pb*++, Hg**, and Bat* to 
reaction mixtures in concentrations up to 0.1 umole per ml. had no effect 
on the reaction in the presence or absence of sulfate. Until purer prepara- 
tions of the enzyme can be obtained so that the nature of the stimulation 
by sulfate and thiosulfate can be more easily studied, it must be concluded 


TaBLe VI 
Stimulation of Pantothenylcysteine Decarboxcylase by Sulfate and Thiosulfate Ions 
— 

Ammonium sulfate... 50 | 0.038 

Sodium sulfate........ 150 | 0.060 
Potassium sulfate... 150 0.052 
Sodium thiosulfate... 150 0.042 


The reaction mixtures contained, per 3 ml. of volume, 0.07 umole of pantothenyl- 
cystine, 12 umoles of cysteine, 1 ml. of 0.1 Mm phosphate buffer, pH 7.6, 1 ml. of crude 
extract of L. helveticus prepared according to directions in the text, and salt adjusted 


to pH 7.6 as shown. See Table 1V for the details of incubation and assay. 


that these anions increase the activity of preparations of pantothenyl- 
evsteine decarboxylase by an unknown mechanism. 


DISCUSSION 


The data presented in this communication strongly suggest that the 
parent L. helveticus culture was a mixture of organisms consisting predom- 
inantly of cells which can absorb PA or PC only with difficulty and pante- 
thine with ease and a much smaller number of mutants which can absorb 
PA, PC, and pantethine with equal ease. Under the experimental con- 
ditions described, the mutants would have been selected for at each trans- 
fer, which would result finally in a culture containing almost wholly the 
mutant type of cells which, for growth purposes, could use all three com- 
pounds equally well. The data show this to be true. This explanation 
also would account for the previous observations that on a pantethine-free 
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medium the activity of PA for L. helveticus increases with lengthened in- 
cubation periods (6). 

The discovery of pantothenylceysteine decarboxylase in L. helveticus and 
L. bulgaricus, coupled with previous reports of its existence in A. subory- 
dans (2) and rat liver (3), indicates that pantothenyleysteine is of general 
importance as an intermediate in CoA biosynthesis. The failure to find 
the decarboxylase in either L. arabinosus or P. morganii, both of which 
can produce CoA from PA (1, 2), and the additional fact that both of these 
organisms contain pantothenic acid kinase (9, 10) suggest that the alterna- 
tive scheme of CoA synthesis postulated by Brown and Snell (2) is opera- 
tive in these bacteria. In this scheme the phosphorylated derivatives of 
PA, pantothenylcysteine, and pantetheine would be the intermediates. 
Additional work needs to be undertaken to confirm this suggestion. 

Pantothenylcysteine decarboxylase is unique among decarboxylases in 
several respects: (a) pantothenyleysteine has no a-amino, 6-keto, 6-hy- 
droxy, or secondary carboxyl groups as do most other decarboxylase sub- 
strates; (b) no coenzyme requirements have been noted and experiments 
carried out in this laboratory have shown that biotin-deficient cells contain 
just as much enzyme as cells grown on a medium containing an abundance 
of biotin; (c) the enzyme has no demonstrable cation requirements, but 
rather is stimulated significantly by sulfate and, to a lesser extent, thio- 
sulfate ions. 

The lack of reduction of activity of soluble preparations by dialysis de- 
tracts somewhat from the possibility that sulfate or thiosulfate ions might 
be true activators of the enzyme. On the other hand, the enzyme might 
bind the anion so tightly that it cannot be removed by dialysis. Only a 
few cases have been previously reported on activation of enzymes by 
anions. Notable among these are the activation of amylase by chloride 
and, to a lesser extent, other anions (11) and the stimulation by phosphate 
of fumarase (12) and yeast glutathione reductase (13). To the author’s 
knowledge no other case of the stimulation of any enzyme by sulfate ions 
has been reported. 


SUMMARY 


Lactobacillus helveticus 80 apparently contains two types of cells: (1) the 
predominating type which can easily use pantethine for growth, but can 
use pantothenic acid and pantothenyleystine only with difficulty, and (2) 
a much smaller number of mutant cells which can use pantothenate and 
pantothenylcystine just as easily as pantethine. A procedure is described 
by which the mutants are obtained by selection from the parental culture. 
Resting cell suspensions of this selected culture, but not of the parental 
culture, decarboxylate pantothenylcysteine to pantetheine. Acetone- 
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dried cells of both cultures also carry out the reaction. It is coneluded 
that the parental culture failed effectively to use pantothenate and pan- 
tothenyleystine for growth because it consisted predominantly of cells 
which could not easily absorb these compounds from the medium. 

Of a number of bacteria which were tested only L. helveticus and Lacto- 
bacillus bulgaricus appeared to contain pantothenylcysteine decarboxylase. 
The decarboxylase present in L. helveticus is associated with the particulate 
matter of the cells. The enzyme was brought into solution by ultrasonic 
oscillation of suspensions of acetone-dried cells and has been purified 2-fold. 
The stability and pH optimum of the enzyme are described. No coen- 
zyme requirements could be detected. ‘The enzyme apparently is not ac- 
tivated by cations, but its activity is increased 3-fold by sulfate ions and 
to a lesser extent by thiosulfate. 

The general importance of pantothenyleysteine as a precursor of pan- 
tetheine and coenzyme A is discussed in the light of the present and pre- 
vious results. 


Thanks are due to Miss Anne Koch for technical assistance in these in- 
vestigations. 
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THE CLEAVAGE OF a-METHYLSERINE AND 
a-METHYLOLSERINE BY PYRIDOXAL 
AND METAL IONS 


By J. B. LONGENECKER, MIYOSHI IKAWA,* 
AND ESMOND E. SNELL* 
(From the Biochemical Institute and the Department of Chemistry, The University of 
Tezas, and the Clayton Foundation for Research, Austin, Tezas) 


(Received for publication, November 9, 1956) 


Among the many reactions of amino acids catalyzed by pyridoxal phos- 
phate enzymes in living tissues, and by pyridoxal plus metal ions (J/) in 
model systems, is the reversible cleavage of serine and threonine according 


to equation (a). 
pyridoxal 
M 


RCHO + H:NCH,COOH 


(a) RCHOHCHNH:COOH 


Thus threonine yields acetaldehyde (1) and serine yields formaldehyde (2) 
in enzymatic and model (3) systems. In model systems the reaction is 
general for a-amino-$-hydroxy acids and peptides in which these amino 
acids are N-terminal (3). Metzler, Ikawa, and Snell formulate the reac- 
tion (Case (b) (4) p. 651) as proceeding through intermediate formation 
of a chelate of the Schiff’s base of amino acid and pyridoxal with metal 
ion, With rupture of the bond between the a- and 6-carbon atoms as a con- 
sequence of its weakening through electron withdrawal toward electronega- 
tive groups of the intermediate. This mechanism ascribes no essential 
role to the a-hydrogen of the amino acid. Consequently, a recent report 
(5) that the a-hydrogen apparently is required for the reaction stimulated 
us to reinvestigate this point. This investigation was especially pertinent 
since Braunshtein and Shemyakin (6) present a scheme that involves labili- 
zation of an a-hydrogen atom of the amino acid as one possible mechanism 
for the reaction. An alternative mechanism proposed by them is similar 
to that preferred by Metzler et al. (4). 

As described herein, both a-methylserine and a-methylolserine undergo 
the cleavage reactions, predicted by the mechanism of Metzler eé al. (4), 
when heated with pyridoxal and metal ions, and thus provide excellent 
evidence for the validity of this mechanism. This does not, of course, 
preclude the possibility that a mechanism involving the a-hydrogen atom 
also contributes to the over-all reaction when this atom is present. The 
failure of a-methylserine and a-methylolserine to undergo the correspond- 


* Present address, Department of Biochemistry, University of California, Berke- 
ley, California. 
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ing reactions in the animal body (5) must, however, be ascribed to the 
absence of appropriate apoenzymes for the catalysis rather than to lack 
of reactivity of the amino acids themselves, or to the lack of potential 
coenzymes (pyridoxal phosphate) for the reaction. 

Reaction of a-Methylserine with Pyridoxal and Metal Tons—F¥ormaldehyde 
was formed when pyridoxal was heated with a-methylserine and salts of 
either Al*+*++ or Cutt. Stoichiometry of the reaction with the latter cata- 
lyst is shown in Table I; similar data, not shown, were obtained with Al*+++ 
as catalyst. A portion of the degraded a-methylserine apparently under- 
goes reaction (6), corresponding to the previously studied cleavage of 
a-amino-8-hydroxy acids under these conditions (3). A portion of the 


TABLE I 


Degradation of a-Methylserine to Formaldehyde, Alanine, 
and Pyruvate in Presence of Pyridozal and Cut** 


| 
| Products, mmoles per liter 


At 100° 
Formaldehyde | Alanine Pyruvate a-Methylserine 
min. | 
8 1.6 1.2 0.2 7.5 
16 2.1 1.7 0.4 7.1 
32 2.4 1.5 0.7 6.3 
64 2.5 1.2 1.1 5.1 


* Unbuffered reaction mixtures (5 to 10 ml.) at pH 10.0 were 0.01 Mm in a-methyl- 
serine, 0.002 m in pyridoxal, and 0.001 mM in CuSQs,. 


alanine formed then undergoes transamination with pyridoxal to form 


pyruvate and pyridoxamine (equation (c)). 
pyridoxal 


(b) a-Methylserine > alanine + formaldehyde 
Cutt 


; 
(c) Alanine + pyridoxal > pyruvate + pyridoxamine 


Formation of pyridoxamine was demonstrated by the appearance of the 
characteristic orange color of its reaction product with ninhydrin on paper 
chromatograms of the reaction mixture. Its formation decreases the 
pyridoxal concentration, thus bringing about a pronounced slowing of re- 
action (b) with time. In accordance with this formulation, formaldehyde 
production is equivalent to the sum of the alanine and pyruvate formed. 
Destruction of a-methylserine surpasses formaldehyde formation signifi- 
cantly, however, especially as the time of reaction is increased, thus dem- 
onstrating occurrence of other undefined degradative reactions of this 
amino acid under these conditions. Insignificant amounts of formaldehyde 
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were formed when either pyridoxal or metal salts were omitted from the 
reaction mixture. Like previously studied reactions of this nature, reac- 
tion (b) should be reversible; its equilibrium position was not determined. 

Reaction of a-Methylolserine with Pyridoxal and Metal Salts—Degradation 
of this amino acid corresponding to that of a-methylserine would lead to 


TABLE II 
Stoichiometry of a-Methylolserine Degradation in 
Presence of Pyridozral and Cut** 


| Products, mmoles per liter 
j 


| Serine | Pyruvate | 

4 3.3 2.0 ee t 6.8 

8 4.6 2.2 ae t 4.0 
16 5.0 1.8 
64 5.9 0.8 | 1.0 


* Reaction conditions are those given in Table I. a-Methylolserine replaced 
a-methylserine in the reaction mixture. 
t Not determined. 


serine (reaction (d)), which would then undergo deamination (reaction 
(e)), since this is also catalyzed by pyridoxal (7), and also reaction (f) 


(3). 


idoxal | 
CH:OHCHNHCOOH + HCHO 
u 
idoxal 
(c) CH.QHCHNH:COOH > CH,COCOOH + NH; 
u 
ridoxal 
()  CH,OHCHNH,COOH HCHO + CH:NH2COOH 
u 


That this sequence of events actually occurs is demonstrated in Table II. 
Serine, pyruvate, formaldehyde, and ammonia are major products of de- 
composition of a-methylolserine under these conditions. In accordance 
with reaction (e), ammonia and pyruvate are formed in equal amounts; 
formaldehyde surpasses the sum of serine and pyruvate as expected from 
the occurrence of reaction (f). Glycine was not determined quantitatively, 
but also appeared on paper chromatograms of the reaction mixture. Like 
a-methylserine, a-methylolserine apparently undergoes destruction by ad- 
ditional reactions under these conditions; such reactions, however, are rela- 
tively unimportant during the Ist few minutes of heating. 
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EXPERIMENTAL 


a-Methylserine was prepared by the procedure of Billman and Parker 
(8) and a-methylolserine by the procedure of Christensen et al. (5). Keto 
acid and ammonia were determined colorimetrically as previously described 
(7, 9). The keto acid present in all reaction mixtures was identified as 
pyruvate by paper chromatography of its 2 ,4-dinitrophenylhydrazone (10). 
Formaldehyde was determined colorimetrically by the procedure of Neidig 
and Hess (11). Color development was carried out directly on the reaction 
mixtures since no other component interfered. Amino acids were sepa- 
rated and determined by the paper chromatographic procedure of Giri et al. 
(12) with 80 per cent pyridine as the developing solvent. Lutidine-col- 
lidine-water-diethylamine (100: 100: 100:3), the solvent employed by Chris- 
tensen et al. (5), failed to separate alanine and a-methylserine. Other 
experimental details are given in Tables I and IT. 


SUMMARY 


In the presence of pyridoxal and Cut+* or Al**++, a-methylserine and 
a-methylolserine undergo an aldol type cleavage analogous to that found 
for serine and threonine (3). a-Methylserine is converted to formaldehyde 
and alanine; a portion of the alanine then transaminates with pyridoxal 
to yield pyruvate and pyridoxamine. a-Methylolserine is converted to 
formaldehyde and serine; the serine is deaminated in part to yield pyruvate 
and NH3, and cleaved in part to yield formaldehyde and glycine. 

The reactions demonstrate that an a-hydrogen atom is not required for 
the pyridoxal-catalyzed cleavage of a-amino-6-hydroxy acids, and thus 
support the validity of the previously described mechanism (4) for this 
cleavage reaction. 
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University School of Medicine, St. Louis, Missouri) 
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In some recent studies (1-3), we have isolated two new bile acids, Acid I 
and Acid II, from the bile of rats, which had been maintained on a diet 
of Purina chow, and have found that these acids are metabolites of cheno- 
deoxycholic acid. One of these acids, Acid I, is isomeric with hyocholic 
acid, a 3a.6,7-trihydroxycholanic acid which is present in hog bile (4-7). 
In this report, evidence is presented that Acid IT is also isomeric with 
hyocholic acid. This evidence is supported by the partial svnthesis of 
Acid IT. 


EXPERIMENTAL’ 


Characterization—Acid II was isolated from rat bile according to the pro- 
cedure outlined previously (1, 2). After crystallization from aqueous 
acetic acid, Acid II was crystallized slowly as needles from a mixture of 
acetone and petroleum ether, m.p. 200°; [a]?? +38° + 2° (ec = 0.52, meth- 
anol). Infrared maxima were found at 3344 to 3367 (inflection), 3367 to 
3106 (OH), 1706 (COOH), 1166, 1127, 1080, 1009, 976 (weak), 895 (weak), 
and 733 em.~!. The sulfuric acid absorption spectrum showed maxima at 
309, 368, and 418 my. The behavior of Acid IT in partition chromatog- 
raphy (1) suggested that this new acid was also a trihydroxy acid; support 
for this view is found in the elemental analysis. 


Caleulated. 70.55, H .S7 
Found. 70.77, 9.86 


Oxidation; Periodic Acid—-2.195 mg. of Acid II were treated with peri- 


* The material presented herein is taken, in part, from theses submitted to the 
Graduate School of St. Louis University by John T. Matschiner and Theodore A. 
Mahowald in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in Biochemistry. 

1 All melting point determinations were taken on the Fisher-Johns apparatus and 
are reported as read. Infrared spectra were determined in Nujol with a Perkin- 
Elmer spectrometer, model 21, with rock salt optics. Sulfurie acid spectra were 
determined with the Beckman DU spectrophotometer. 
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odic acid, and the amount of periodic acid consumed was determined in 
the manner previously described (4). During 8 hours Acid II consumed 
4.2 per cent of the theoretical amount of periodic acid required for the 
oxidation of an a-glycol. In the same period of time, the following con- 
sumptions of periodic acid were observed: Acid I, 110 per cent; hyocholic 
acid, 110 per cent; estriol, 100 per cent. Cholic acid was not oxidized 
under similar treatment. 

Chromic Oxide—10 mg. of Acid II containing approximately 9 xX 
104 d.p.m. of C'™ (1) were oxidized by 5 mg. of chromic oxide in acetic acid 
at room temperature. After 5 hours an additional 1.8 mg. of CrO3 were 
added, and the mixture was permitted to remain overnight. After extrac- 
tion of the product with ether and chromatography,? 5 mg. of material 
containing 54 per cent of the original radioactivity were recovered in Frac- 
tion 80-1. This material resembled the ketobilianic acid obtained by 
similar oxidation of Acid I and hyocholic acid (4). After reaction with 
2 ,4-dinitrophenylhydrazine, 3 mg. of crystals were obtained, m.p. 219- 
220°. This material was identified by isotopic dilution with the authentic 
2,4-dinitrophenylhydrazone obtained from 3-keto-6,7-secocholanic acid- 
6,7-dioic acid. The specific activity remained constant during several 
crystallizations. 

Partial Synthesis of Acid IT (see Fig. 1). Reduction of Methyl 3a-Acetoxy- 
6a-bromo-7-ketocholanate (1)—2.4 gm. of methyl 3a-acetoxy-Ga-bromo-7- 
ketocholanate (I), m.p. 172—174° (4, 8), were reduced in 200 ml. of meth- 
anol with 3 gm. of sodium borohydride. The mixture was kept at ice bath 
temperature for 15 minutes, at room temperature for 45 minutes, and 
finally acidified with acetic acid and evaporated at room temperature to a 
small volume. The crystalline product was washed with water and crys- 
tallized from methanol, m.p. 149-152°; [a]? 0° (¢ = 0.272, absolute eth- 
anol). In this manner 2.03 gm. of methyl 3a-acetoxy-Ga-bromo-7a-hy- 
droxycholanate’® (II) were obtained in 85 per cent yield. 


Co7HyO;Br. Caleulated. C 61.48, H 8.22, Br 15.15 
Found. 61.35, 8.52, 15.50 


Methyl 3a-Acetoxy-A*®-cholenate (I1I)—-The A® derivative was prepared 


2 For a complete explanation of the method of chromatography used in this study 
see Matschiner et al. (1). We have abbreviated the designation of the fractions from 
the column according to the per cent of benzene in Skellysolve B. Each solvent mix- 
ture was collected in four portions. For example, 80-1 represents the first fractional 
eluate containing 80 per cent benzene in Skellysolve B. 

3 The configuration of the 7-hydroxyl group of this material was determined by 
removal of the bromine with palladium and hydrogen in alkaline medium. The acid 
obtained was identified by melting point, mixed melting point, and infrared absorp- 
tion spectrum as chenodeoxycholic acid (3a, 7a-dihydroxycholanic acid). 
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by refluxing 254 mg. of the bromohydrin (IJ) with 250 mg. of zine dust in 
5 ml. of acetic acid for 1.5 hours (9, 10). The zinc was removed by filtra- 
tion, and the product was crystallized in shining platelets from the filtrate 
by the addition of water. After several crystallizations from a mixture of 
acetone and water and finally from methanol, the product (142 mg.) melted 
from 123-125°; [a]?? +66.5° + 2° (c = 0.218, absolute ethanol). It gave 
a yellow color with tetranitromethane and a negative test for halogen with 
the Beilstein test. 


MONOPER- 
AcO’ PHTHALIC ACID aco 
Il 


ACID II 
Fic. 1. Partial synthesis of Acid IT 


CoH Caleulated. C 75.31, H 9.83 
Found. 75.21, 9.84 


Methyl 3a-Acetoxry-6 ,7-epoxycholanate (IV)—-700 mg. of methyl 8a-ace- 
toxy-A®-cholenate (III) were added to an ether solution of excess mono- 
perphthalic acid (11), and the reaction mixture was allowed to stand at 
room temperature for 3 days. The reaction mixture was extracted with 
dilute sodium carbonate solution and washed with water; the ether solu- 
tion was evaporated to dryness to vield 721 mg. of crude epoxide. After 
two crystallizations from a mixture of benzene and petroleum ether, 617 
mg. of erystals, m.p. 172-174°, were obtained. The analytical sample 
Was crystallized from methanol, m.p. 173) 175°; lal” +31.3° + 2° (e = 
0.158, absolute ethanol). 
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Co7Hy2O;. Calculated. C 72.61, H 9.48 
Found. *¢ 72.32, ** 9.10 


Acid II—120 mg. of the epoxide (IV) were refluxed in acetic acid for 
3.5 hours. The solution was diluted with water, extracted with ether, 
and the product was chromatographed on 8 gm. of silica gel. Elution of 
the column with benzene produced only traces of a yellow oil; a mixture 
of benzene and ether (80:20) eluted 117 mg. of colorless oil. The hydroly- 
sis of 65 mg. of this oil with 10 ml. of 2 per cent methanolic KOH at room 
temperature overnight gave 48 mg. of an acid, m.p. 193-196°. After 
crystallization from aqueous acetic acid and from a mixture of acetone 
and petroleum ether, it melted at 199-200°. On admixture with natu- 
rally occurring Acid II there was no depression of the melting point. The 
infrared spectrum was comparable to that of naturally occurring Acid II, 
[a]? +35° + 2° (c = 0.514, methanol). 


CauHyO;s. Calculated. C 70.55, H 9.87 
Found. 70.17, 10.04 


Methyl 3a-Acetoxy-68-bromo-7a-hydroxycholanate (VI)—100 mg. of the 
epoxide (IV) were added to 10 ml. of cold acetic acid containing 0.5 per 
cent HBr, and the reaction mixture was cooled for 40 minutes. Water 
was then added and the product filtered and crystallized several times 
from a mixture of acetone and water, to yield 70 mg. of needles, m.p. 
132-135°; [a]??” +49.7° + 2° (c = 0.5035, absolute ethanol). 


Co7H,,0;Br. Calculated. C 61.48, H 8.22, Br 15.15 
Found. 61.18, 8.55, ‘* 14.92 


Oxidation of the Bromohydrin (VI) to Bromoketone (VII)—58 mg. of 
(VI) were oxidized by 10 mg. of chromic oxide in acetic acid solution at 
room temperature overnight; yield 54 mg. of needles, melting at 166—168°, 
mixed melting point with authentic methyl 3a-acetoxy-68-bromo-7-keto- 
cholanate (4, 8) 166-168°. The identity of (VII) was further established 
by infrared spectroscopy. 


DISCUSSION 


The oxidation of Acid II by chromic oxide to yield 3-keto-6 ,7-secocho- 
lanic acid-6 ,7-dioic acid showed that Acid II is stereoisomeric with Acid I 
and hyocholic acid. Its resistance toward oxidation by periodic acid may 
be interpreted as due to the presence of a diaxial trans glycol, thus sug- 
gesting 3a,68,7a-trihydroxycholanic acid for the structure of Acid II. 
This structure finds support in the actual synthesis of Acid II through 
scission of the epoxide (IV). In conformity with the Fiirst and Plattner 
rule (12), which states that the ionic opening of an ethylene oxide ring 
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results in the diaxial trans glycol, acetolysis of the epoxide ring in (IV) 
should lead to the 68, 7a-dihydroxy structure. 


The epoxide (IV) was also treated with HBr to yield the bromohydrin 


(VI) which should have either a 68-bromo-7a-hydroxy or a 68-hydroxy- 
7a-bromo structure (12). Since oxidation of (VI) by chromic oxide yielded 
compound (VII), which was previously shown (8) to be a 68-bromo-7 
ketone, the bromohydrin (VI) should have the 68-bromo-7a-hydroxy struc- 
ture. On the basis of this structure, the epoxide (IV) would have the 
a-configuration (13). In support of this concept, James et al. (10) have 
recently demonstrated that the epoxidation of 36-acetoxy-A®-cholestene 
yields the a-epoxide which on treatment with HBr gives 3a-acetoxy-66- 
bromo-7a-hydroxycholestane. 


SUMMARY 


The experimental evidence demonstrates that Acid II, a metabolite of 


chenodeoxycholic acid in the rat, is a stereoisomer of Acid I and hyocholic 
acid. The method of preparation of Acid II, its resistance to periodic 
acid oxidation as well as the analogous work of James ef al. (10) suggest 
that this new bile acid is 3a,68,7a-trihydroxycholanic acid. 


to 
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BIOSYNTHESIS OF ITACONIC ACID IN 
ASPERGILLUS TERREUS 


I. TRACER STUDIES WITH C'*-LABELED SUBSTRATES* 


By RONALD BENTLEY anp CLARA P. THIESSEN 


(From the Department of Biochemistry and Nutrition, Graduate School of 
Public Health, University of Pittsburgh, Pittsburgh, Pennsylvania) 


(Received for publication, October 15, 1956) 


Large amounts of various metabolites accumulate in the culture medium 
of some molds grown on high sugar concentrations (1). These so called 
“shunt metabolites”? may be produced only by molds, but seem frequently 
to be related to metabolic sequences well known in other organisms. In 
most cases, however, the nature of this relationship is obscure. A typical 
shunt metabolite is itaconic acid (methylene succinic acid), formed in large 
amounts during the growth of Aspergillus terreus NRRL 1960 on a medium 
of low pH (2-4). The mechanism of the biosynthesis of itaconic acid has 
remained unknown. 

Kinoshita (5, 6) originally observed that itaconic acid was formed during 
growth of Aspergillus itaconicus on acid medium; when the culture medium 
was maintained at a higher pH by addition of calcium carbonate, calcium 
citrate and calcium gluconate accumulated without formation of itaconic 
acid. Accordingly, Kinoshita suggested that itaconic acid was formed by 
decarboxylation of cis-aconitic acid, the latter being derived from citric 
acid. In acid culture media, neither citric nor cis-aconitic acid could be 
detected. (Kinoshita’s strain of A. itaconicus has now largely lost the 
ability to form itaconic acid (7) and all subsequently described work will 
refer to strains of A. terreus.) Walker (8) considered that cis-aconitic 
acid was unlikely to be the precursor of itaconic acid; he suggested that 
itaconic acid was formed by condensation of 2 molecules of pyruvate, fol- 
lowed by dehydration and oxidative decarboxylation. 

It seemed probable that a decision between these two mechanisms could 
be made by tracer experiments. ‘The present paper describes a chemical 
degradation of itaconic acid which can be used to locate radioactivity in 
each carbon atom. The distribution of C™ in itaconic acid derived from 
C'4_labeled glucose, acetate, and succinate has been determined. 


* This work was begun by one of us (R. B.) in the Department of Biochemistry, 
College of Physicians and Surgeons, Columbia University, with the aid of a grant 
from the Nutrition Foundation, Inc. It has since been continued at the University 
of Pittsburgh under a grant from the National Science Foundation (NSF-G-425). 
Both of these grants are gratefully acknowledged. Preliminary reports of some of 
this work have already appeared (38). 
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Materials and Methods 


A. terreus NRRL 1960, obtained through the courtesy of the Northern 
Regional Research Laboratory, was maintained on Czapek-Dox agar 
slants (9). Experimental cultures were grown on the corn steep-liquor- 
containing medium of Lockwood and Ward (2), which will be referred to 
as “growth medium.” Spore cultures were also prepared as described by 
these authors. For experiments with labeled acetic and succinic acids, 
cultures were first grown as surface mycelia on 100 ml. portions of growth 
medium in cotton-plugged 500 ml. Erlenmeyer flasks. At the appropriate 
time, a solution of the labeled compound was introduced below the my- 
celium, and the cotton plug replaced with a previously sterilized rubber 
stopper, equipped with cotton-plugged air inlet and outlet tubes and with 


2 1 5 
CH»==C —— COOH 
+ Pro 2 1 HO, 5 2 3 | 
+> C—COCOH OHC.CH>.CH>.COCH + C0 
-2 HBr Pd 100 
— COOH CH, 
3 3 
Itaconic acid Aconic acid Formyl propionic 
acid 
Wolff - Kishner Successive Schmidt 
CH3.CH2.CH2.COOH > COofrom carbons 
reduction Butyric acid degradations 3s 4, and 5. 


Fig. 1. Reactions used for chemical degradations of itaconiec acid 


a sampling tube (10). A slow stream of humidified air was passed through 
the flasks, COz in the effluent stream being absorbed in alkali scrubbers. 
All cultures were grown at 28-30°. Itaconie acid determinations were 
made by a micromodification of the method of Friedkin (11) or by the 
colorimetric permanganate method (12). 

Labeied Substrates—1-C''-p-Glucose was synthesized by the method of 
Sowden (13). Sodium 1-C'*-acetate and 1-C™- and 2-C"-succinice acids 
were commercial preparations obtained on allocation of the United States 
Atomic Energy Commission. Samples for determinations of radioactivity 
were prepared as described by Popjak (14). 

Degradation of Itaconic Acid-—The degradation reactions and numbering 
system which will be used for itaconic acid are shown in Fig. 1. 

Aconic acid was prepared by modifications of the method of Campbell 
and Hunt (15); although the most recent evidence suggests that the struc- 
ture of aconic acid is more correctly represented as the y-lactone of 6-car- 


C0, 
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boxy-y-hydroxy-a,@-butenoic acid (16), it may undergo prototropic re- 
arrangement to the structure shown in Fig. 1 during decarboxylation. 
This decarboxylation was carried out by modifications of the method of 
Ellinger (17). Without isolation, the formylpropionic acid was reduced 
to butyric acid (18); the presence of formylpropionic acid was confirmed 
by preparation of its p-nitrophenylhydrazone from a small sample of the 
solution. Successive Schmidt degradations, starting with butyric acid, 
were carried out exactly as described by Phares (19). 


Results 
Fermentation of 1-C'4-p-Glucose—A typical fermentation will be de- 
scribed in detail to illustrate the steps involved in all of these experiments. 


TABLE I 
Carbon Dioxide Production during Fermentation of 1-C'4-Glucose 


Day No. Weight of BaCOs Specific radioactivity —— 

gm. uc. per mole 10-3 we. 
0.916 | 1.48 6.9 
2 | 1.031 | 8.50 | 44.5 
3 | 1.758 | 11.93 | 106.7 
4 | 3.426 : 10.07 | 170.7 
5 | 3.037 7.75 | 116.7 
6 | 2.131 10.65 115.3 
7 3.153 12.98 207.8 


CO:2 produced over 24 hour periods during the fermentation was absorbed in NaOH 
scrubbers and converted to barium carbonate. Total recovery of C™ in COQ, = 
0.77 wc. (16.6 per cent of that added as glucose). 


1-C'*-p-Glucose (6.36 gm., 140 ue. per mole = 4.64 ue.) was used to pre- 
pare 40 ml. of growth medium. The solution in a 200 ml. Erlenmeyer 
flask, equipped with air inlet and outlet tubes and a sampling tube, was 
sterilized and inoculated. Barium carbonate samples were prepared from 
daily collections of COs. The yields and specific radioactivities of these 
samples are shown in Table I. Fermentation was stopped on the 8th day, 
since itaconic acid analysis then indicated a high yield (51 mg. per ml.). 
The mycelium had a dry weight of 702.9 mg. and a specific radioactivity 
of 0.84 X& 10°? we. per mg. Total activity recovered in mycelium, 0.59 
uc., 2.e. 12.7 per cent of that originally added. 

The culture medium was evaporated to dryness 7n vacuo and the residue 
was extracted first with hot ethanol (2 &* 30 ml.), and finally with hot 
n-butanol (2. & 30 ml.). Evaporation of these combined extracts and 
vacuum sublimation of the residues (bath temperature, 120°) on to a cold 
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finger condenser gave a total of 1.76 gm. of itaconic acid, m.p. 159-160°; 
specific radioactivity, 102 uc. per mole. The total recovery of C" in ita- 
conic acid was 1.38 ue. (29.8 per cent of that added as glucose). As a 
check on the purity of the itaconic acid, a small sample was converted to 
1-pheny]-2-pyrrolidinone-4-carboxylic acid by brief heating with a slight 
excess of aniline (20). The derivative, recrystallized from water, had a 
melting point of 189° and a specific radioactivity of 100.5 ue. per mole. 

Preparation of Sodium Aconate—The above itaconic acid (705 mg.) was 
suspended in water (0.9 ml.) and treated with bromine (0.3 ml.) in a small 
stoppered vial. The bromine was added all at once, with vigorous shak- 
ing; cooling was not necessary. After 5 minutes, most of the bromine had 
reacted. The vial was then allowed to stand unstoppered until only a 
trace of bromine remained (about 15 minutes). The solution, neutralized 
by cautious addition of sodium bicarbonate (915 mg.), was heated to 50°, 
and sodium carbonate monohydrate (340 mg.), dissolved in a minimal 
volume of water (0.6 ml.), was added dropwise with stirring, the solution 
being held at 50° for 10 minutes. A further small amount of sodium car- 
bonate was then added until the solution reached pH 7.0. Separation of 
sodium aconate took place quickly and was completed by keeping the 
mixture at 0° overnight. The thick, pasty mass was filtered, washed with 
a little ice-cold 80 per cent alcohol, and finally with pure alcohol. The 
yield of air-dried sodium aconate (trihydrate) was 610 mg. 

Preparation of Aconic Acid—Sodium aconate trihydrate (610 mg.) in 
water (10 ml.) was passed through a column of Amberlite IR-120 (H), 15 
xX 1.5 em. diameter; the column was washed through with water, a total 
of 250 ml. of effluent being collected. Water was removed by vacuum 
evaporation (bath temperature not greater than 45°) to yield a white crys- 
talline solid. After drying over phosphorus pentoxide in vacuo, the aconic 
acid was washed out with petroleum ether (b.p. 30-60°). Yield, 245 mg.; 
m.p. 162—163°; specific radioactivity, 105.5 uc. per mole. In some degrada- 
tions, the aconic acid was liberated with ethereal HCl, as described by 
Campbell and Hunt (15). 

Degradation of Aconic Acid—Aconic acid (245 mg.) in water (12 ml.) was 
refluxed for 16 hours by using an oil bath at 110°. A stream of CO,-free 
nitrogen was passed through the flask, and the effluent gas was bubbled 
through a saturated solution of barium hydroxide. The yield of barium 
carbonate was 264 mg. (71 per cent); the specific radioactivity of this bar- 
ium carbonate sample (C,; of itaconic acid) is shown in Table IT, “‘Degrada- 
tion 1.””. 1 ml. of the remaining solution was treated with p-nitropheny]- 
hydrazine in 3. N HCl. The p-nitrophenylhydrazone of formylpropionic 
acid was obtained, m.p. 177-178°. To the remaining solution from the 
decarboxylation were added redistilled diethyleneglycol (12.5 ml.), hydra- 
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zine hydrate (85 per cent, 2.5 ml.), and potassium hydroxide (0.5 gm.). 
The solution was refluxed for 1 hour, and sodium butyrate was then iso- 
lated as described by Mosbach, Phares, and Carson (18). The yield of 
sodium butyrate was 73 mg. (39 per cent yield calculated from aconic 
acid, with allowance made for the aliquot removed in preparation of the 
p-nitrophenylhydrazone of formylpropionic acid). Schmidt degradations 
were carried out as described by Phares (19), and the radioactivity of the 
various barium carbonate samples is reported in Table II, ‘Degradation 1.” 


TABLE II 


Radioactivity of BaCO; Samples Obtained by Degradation 
of Itaconic Acid from 1-C'4-Glucose 


Per cent total radioactivity 
BaCOs from carbon atom No. A f 
Degradation | | | 
2 1 2 
1 and 2 
1 8.1 1.5 8.4 8.9 8.6 
2 16.8 3.2 17.3 19.2 18.3 
3 31.2 4.9 32.2 29.4 30.8 
4 14.3 1.9 14.7 11.4 13.0 
5 26.5 5.2 27.4 31.1 29.3 
Total radioactivity in BaCO; sam- 
Radioactivity of itaconic acid used 
in degradation................... 102.0 18.2 


Details of the culture conditions and the degradation are given in the text. 


As a check, a duplicate degradation was carried out in the same way 
by using a sample of the fermentation itaconic acid diluted with carrier 
to a specific radioactivity of 18.2 uc. per mole; the results of this degrada- 
tion are shown in Table II, ‘‘Degradation 2.” 

It was found in each case that about 80 per cent of the total radioactiv- 
ity of itaconic acid obtained from 1-C'‘-p-glucose was located in the 3 
non-carboxyl carbon atoms. C3 and C, were almost equally labeled (av- 
erage values, 30.8 and 29.3 per cent, respectively) and were significantly 
higher than C, (average value, 18.3 per cent). 

In the degradation of aconic acid obtained in the later experiments, the 
decarboxylation was carried out under the following conditions. Aconic 
acid (250 mg.) was dissolved in water (5 ml.) and diethylene glycol (12.5 
ml.). The solution was heated for 2 hours at 160°, the CO2 being swept 
out in a stream of nitrogen. For the subsequent Wolff-Kishner reduction, 
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the solution was treated with hydrazine hydrate (85 per cent, 2.5 ml.) and 
potassium hydroxide (0.5 gin.). 

Incorporation of 1-C™-Acetate—A culture of A. terreus was grown for 7 
days on growth medium (100 ml.); at this time it contained 6.0 mg. per 
ml. of itaconic acid. Sodium 1-C'-acetate (60 mg., 36.8 mc. per mole = 
27 wc.) was then added, and the cotton plug replaced as previously de- 
scribed. Fermentation was continued for an additional 3 days, the con- 
centration of itaconic acid rising to 31 mg. per ml. On isolation and vac- 
uum sublimation, 2.35 gm. of itaconic acid were recovered; specific 
radioactivity, 650 uc. per mole (recovery of added C™ = 11.8 ye.; 7.e., 43.7 
per cent of that added). A sample of this material, diluted to a specific ra- 
dioactivity of 132 ye. per mole, was degraded as previously described. 


TABLE III 


Radioactivity of BaCO; Samples Obtained by Degradation 
of Itaconic Acid from 1-C'4-Acetic Acid 


| | 
Specific Per cent total 
BaCOs from carbon atom No. | radioactivity _ radioactivity 
| pc. per mole | 
| | 
1 | 58.8 | 45.0 
4 | 71.6 | 54.5 
| | 
Sum of radioactivity in BaCO; samples............ 130.4 | 
Radioactivity of itaconic acid used in degradation. | 132.0 | 


Details of the culture conditions and the degradation are given in the text. 


The results of this degradation (Table III) show that the radioactivity 
was located almost exclusively in the two carboxyl groups. 

Incorporation of Labeled Succinic Acid—The incorporation of labeled 
succinic acid during growth of A. terreus on non-radioactive glucose was 
also studied, since it seemed probable that the carbon atoms derived from 
a Cy, dicarboxylic acid could then be traced without interference by label 
from C. units. Extensive conversion of added succinic acid to acetic acid 
was not to be expected. Itaconic acid was therefore isolated after allowing 
5 day cultures to stand overnight with either 1-C™ or 2-C'-succinic acid. 
The itaconic acid isolated by crystallization (either from water or ethanol- 
petroleum ether) or by vacuum sublimation was contaminated by small 
amounts of a very radioactive material, probably unused succinic acid. 
This was also shown by the much higher specific activity of various samples 
of itaconic acid compared with that of recrystallized 1-phenyl-2-pyrroli- 
dinone-4-carboxylic acid, prepared from the samples by reaction with 
aniline. In these experiments, itaconic acid was therefore purified before 
degradation by partition chromatography. Celite columns moistened 
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with 0.5 Nn sulfuric acid were used, with chloroform-10 per cent n-butanol 
as eluent (21). 

Experiment 1—2-C"-Succinic acid (22 ue., 13.24 mg.) in 3 ml. of sterile 
water was added to a 5 day-old culture grown on 100 ml. of growth me- 
dium. In this case aspiration was carried out by passing humidified air 
in a slow stream above a cotton plug as described by Corzo (22). After 
18 hours, the culture contained 22 mg. of itaconic acid per ml. Recovery 
of COz from the alkali absorber gave 2.13 gm. of barium carbonate, specific 
radioactivity, 57.2 uc. per mole; total recovery of C' in COs, 0.62 ue. 

The crude itaconic acid obtained upon crystallization of the vacuum- 
concentrated culture medium had a specific radioactivity of 1000 ue. per 
mole. The total recovery of radioactivity in this material (contaminated 
with some highly radioactive succinic acid) was 16.9 we. The corrected 
value for the specific radioactivity of itaconic acid, purified by partition 
chromatography on a 75 gm. Celite column, was 230 ue. per mole. It was 
calculated that the recovery of radioactivity in the itaconic acid was 3.9 
uc., corresponding to 18 per cent conversion of the added succinic acid. 
Degradation of 275.3 mg. of the pure itaconic acid, diluted to 1.012 gm. 
with carrier, gave the results shown in Table IV, Experiment 1. 

Experiment 2—A 5 day-old culture of A. terreus was treated with 2-C"- 
succinic acid (22.4 uwe., 14.53 mg.) for 22 hours. Itaconic acid, purified 
by partition chromatography, had a specific radioactivity of 248 ue. per 
mole, and was degraded in duplicate with use of the following dilutions: 
346 mg. diluted to 1.000 gm. with carrier (Table IV, Experiment 2, Degra- 
dation 1); 226 mg. diluted to 830 mg. with carrier (Table IV, Experiment 
2, Degradation 2). 

Experiment 3—1-C-Succinic acid (29.9 uwe., 12.60 mg.) in 3 ml. of sterile 
water was added to a 5 day-old culture. 20 hours later, analysis showed 
the presence of 16 mg. of itaconic acid per ml. of culture medium. COz 
samples were collected over various time intervals. For the first 1.5 hours, 
the specific radioactivity of the expired CO2 was 84.6 ue. per mole. This 
value later approached a nearly constant level, being 221.0 ue. per mole 
for the period 1.5 to 4 hours, and 274.0 ue. per mole for the period 4 to 19 
hours. The radioactivity recovered in CO, (4.06 ue.) was 13.4 per cent 
of that added. The crude itaconic acid had a specific radioactivity of 
1477 ue. per mole, corresponding to a recovery of 19.1 ue. The purified 
itaconice acid had a specific radioactivity of 290 uc. per mole; the total 
radioactivity in the itaconie acid was therefore 3.78 yuc., corresponding to 
a 12.6 per cent conversion of the succinic acid to itaconic acid. The spe- 
cific radioactivity of 1-phenyl-2-pyrrolidinone-4-carboxylic acid, prepared 
by reaction with aniline, was 286 ue. per mole, confirming the purity of 
the itaconic acid. For degradation (Table IV, Experiment 3), 339.5 mg. 
of pure itaconic acid were diluted to 997.6 mg. with carrier. 
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All of these experiments with succinic acid as precursor show clearly 
that, by using 2-C'-succinic acid, C2 and C3; of itaconic acid became la- 
beled equally (39 per cent of the total activity), with only small amounts 
of C'™ in the other positions. By using 1-C'-succinie acid, the two car- 
boxyl groups of itaconic acid (C, and C,) were labeled equally, with prac- 


TABLE IV 


Radioactivity of BaCO; Samples Obtained by Degradation of 
Itaconic Acid from Labeled Succinic Acids 


C4H2-COOH 
| 
BaCOs; from carbon atom No. 4H2-COOH Degradation | Degradation H2-C“OOH 
1 2 
Specific radioactivity, wc. per mole 
1 4.4 5.4 4.1 52.2 
2 22.4 32.0 25.6 
3 22.8 31.9 24.6 
4 5.2 3.9 3.3 50.6 
5 3.0 6.4 5.1 


Sum of radioactivity in BaCO ; 
Calculated radioactivity in ita- 
conic acid used in degrada- 


Carbon atom No. Per cent total radioactivity 
1 7.6 6.8 16.6 50.6 
2 38.8 40.2 40.8 
3 39.4 40.0 39.2 
4 9.0 4.9 5.3 49.4 
5 5.2 8.1 8.1 


Details of the culture conditions and the degradations are given in the text. 


tically no C"™ in other positions. In other words, it is apparent that the 
complete carbon skeleton of succinic acid is retained in itaconic acid. 


DISCUSSION 


Although earlier workers have concluded that czs-aconitic acid is not a 
precursor of itaconic acid (23, 24), we have prepared, from surface and 
shake cultures of A. lerreus, soluble, cell-free extracts of the enzyme c7s- 
aconitic decarboxylase, which rapidly decarboxylate cis-aconitic acid to 
equivalent amounts of itaconic acid and CO, (25). For the purpose of 
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this discussion, cis-aconitic acid will therefore be taken as the normal, 
immediate precursor of itaconic acid. 

Evidence for C3-C3 Split of Glucose—When the mold is grown on 1-C'™- 
glucose, the radioactivity of the expired COz is low initially, rising to an 
approximately constant value by the 3rd day of growth (see Table I). 
This is the opposite of the behavior observed with another Aspergillus 
mold, Aspergillus flavus, in which the Warburg-Lipmann- Dickens oxidative 
pathway of glucose dissimilation is predominant (10, 26). The progressive 
increase in radioactivity of the CO2 samples shows that the primary degra- 
dation of glucose does not involve C;. It is most likely, therefore, that 
the 1-labeled glucose gives rise to methyl-labeled pyruvate by the Emb- 
den-Meyerhof reactions. The tentative proposal of Kinoshita (5, 6) that 
gluconic acid may be an intermediate in itaconic acid formation is unlikely 
in view of these observations. 

Formation of Tricarborylic Acid Cycle Intermediates—The expected iso- 
tope distribution in itaconic acid is shown in Figs. 2, A and B. For the 
moment, it is assumed that all of the citric acid formed is converted to ita- 
conic acid without further oxidation. Oxalacetate formed solely through 
the Wood-Werkman reaction, and not in equilibrium with a symmetrical 
C, dicarboxylic acid, would lead to itaconic acid labeled equally in C3 and 


C"H3.CO. COOH C"Hp.COOH 2 C'H2.COOH 1 5 
A — OH 
CO.COOH 3 CH —»> 2 C.COOH 1 
| “cooH 6 
C*H3.COOH C*Hp. COOH 3 C*Hp.COOH 
CH, .COOH 


C*H, .CO.COOH | 
CO.COOH 
C*Hp.COOH 2 C™Hp.COOH1 5 
ia malate | OF 


cC*0.COOH —» 3 2 C*.COOH 1 


and fumara |, 6 
C*Hy. COOH 


2 C°H3.COOH —> | 
COOH 


Fig. 2. Predicted labeling in itaconic acid derived from methyl-labeled pyruvic 
acid. A, oxalacetic acid formed by Wood-Werkman reaction and condensed di- 
rectly with methyl-labeled acetate. B, oxalacetate in equilibrium with a C, di- 
carboxylic acid, or formed by a Cz + C2 condensation. 


Cs; only. The observed results (Table II) show that C2, C3, and Cs; con- 
tain most of the total radioactivity (78 per cent); C3; and Cs; are equally 
labeled (30 per cent of the total radioactivity) and contain nearly twice 
as much activity as Ce (18 per cent). These observations suggest that 
most of the oxalacetic acid is formed by the Wood-Werkman reaction 


arly 
Ja- 

nts 

rac- 

3 

H 
)H 

) 
f 


682 BIOSYNTHESIS OF ITACONIC ACID. I 


and is condensed directly with methyl-labeled acetate. Some oxalacetate, 
labeled in both methylene and ketone carbon atoms, must also be formed. 

The mechanism suggested by Walker (8) would lead to equal labeling 
in C3; and Cs, and does not account for the appreciable label in C2. Fur- 
ther, it would not explain the observed rapid incorporation of acetate and 
succinate, and is therefore considered unlikely. 

This preliminary conclusion is reinforced by the following argument, 
in which recycling of the tricarboxylic acids is no longer ignored. Shu 
et al. (27) degraded the labeled citric acid formed by A. niger from 1-C™- 


TABLE V 


Comparison of Observed and Calculated C4 Distribution 
in Itaconic Acid Formed from 1-C'4-Glucose 


| Calculated per cent total 
radioactivity | 
Carbon atom No. ,-*. . id). Carbon atom in | Observed per cent 


Specific radioac- 
(in citric acid) itaconic acid | | | Conf total radioactivity 
6 1.37 1 6.9 8.6 
3 3.99 2 | 19.0 | 21.3 | 20.0 | 18.3 
4 6.71 3 | 31.9 | 35.7 | 33.6 | 30.8 
5 * 4 10.7 | 0.0 5.7 13.0 
2 6.71 5 31.9 | 35.7 33.6 29.3 


| 
* The radioactivity of C; in citric acid is given the following values: Case A, 
2.26; Case B, 0.0; Case C, 1.13. It is assumed that C, of citric acid is lost as carbon 
dioxide during the action of cis-aconitic decarboxylase. If C; of citric acid is lost, 
the distributions shown under Cases A, B, and C would be obtained with the follow- 
ing values for C; in citric acid: Case A, 0.0; Case B, 2.26; Case C, 1.13. The radio- 
activity values in Column 2 are those given by Shu et al. (27) for citric acid obtained 
by growth of A. niger on 1-C"4-glucose; the calculated values in itaconic acid are 
derived from these values. The observed values (Column 7) are those obtained in 
the present work (see also Table II). 


p-glucose, present at the time of spore inoculation, 7.e. under conditions 
similar to those in our experiments. From this observed isotope distribu- 
tion in citric acid, a theoretical isotope distribution in itaconic acid, formed 
by loss of a primary carboxyl group, may be calculated. The primary 
carboxyl groups of citric acid were not separated in the work of Shu et al., 
but initially it may be assumed that the radioactivity was equally divided 
in these carbon atoms. The calculated distribution is shown in Table V, 
Column 6, and is strikingly similar to that observed in our experiments 
(Table V, Column 7). The assumption that the primary carboxyl groups 
of citrate were equally labeled is not necessarily true, but since the activity 
in these groups is only 10.7 per cent of the total, any error is small. In 
an extreme case, Cs; of citric acid would contain all of the activity. Ta- 
ble V, Column 4, shows the theoretical distribution in itaconic acid in this 
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case, with loss of C; of citrate; Table V, Column 5, shows the calculated 
distribution when C; is not radioactive. In either case, the theoretical 
distribution is only slightly changed. 

The excellent agreement between the observed and calculated isotope 
distributions in itaconic acid suggests that citric acid is formed in the same 
way by both A. terreus and A. niger. The conclusions of Shu e¢ al., based 
on the mathematical analysis of the isotope distribution in citric acid, may 
be assumed to hold for the formation of the citric acid precursor of itaconic 
acid. These conclusions are that 78 per cent of the glucose is dissimilated 
by the Embden-Meyerhof pathway and that 60 per cent of the initially 
formed oxalacetic acid is derived by the Wood-Werkman reaction and is 
labeled in the methylene group. In addition, about 40 per cent of oxal- 
acetic acid, labeled in both methylene and ketone carbons, is formed. 
This was considered by Shu et al. to arise by a C2 + Ce condensation 
(Thunberg-Wieland) but could also be derived if oxalacetic acid were in 
equilibrium with a symmetrical C, dicarboxylic acid by the reactions ox- 
alacetate — malate — fumarate, without cycling through citrate. How- 
ever, between 37 and 40 per cent of the C. tricarboxylic acid is considered 
to be recycled to C, dicarboxylic acid. The first two conclusions are in 
agreement with our earlier deductions. 

Incorporation of Acetate—The results obtained with 1-C'‘-acetate also 
agree with these general conclusions (see Table III). The labeled acetate 
was present over a 3 day period, and almost all of the C' was located 
equally in the carboxyl groups. Using a different degradation from that 
described here, Corzo and Tatum (28) and Corzo (22) have studied the 
incorporation of 2-C'4-acetate into itaconic acid. The distribution pattern 
obtained in a long term experiment (13 days, shaken culture) was, as ex- 
pected, similar to that reported here for 1-C'*-p-glucose. In short term 
experiments (24 hours, shaken culture), these authors found 60 per cent 
of the radioactivity incorporated in the presence of 2-C'*-acetate in Cs; of 
itaconic acid. The major remaining activity (29.6 per cent) was in C, 
and C3, which were not separately identified by their degradation. They 
suggested, therefore, that, in formation of itaconic acid, the carboxyl group 
of citric acid which was lost was that originally associated with acetic acid 
(C;), as shown in Fig. 3. The observation that most of the radioactivity 
in this experiment was located in one position (C; of itaconic acid) was 
presumably due to a decrease in the importance of recycling and other 
pathways for C, dicarboxylic acid formation in the short term experiment. 

Further evidence for the mechanism in Fig. 3 was obtained by Corzo 
and Tatum in an experiment (surface culture) in which asymmetrically 
labeled citric acid containing C™ in the two carboxyl groups derived from 
oxalacetate (C, and C.) was used. In this case, itaconic acid contained 
C™ largely in C, and C4. 
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Our long term experiment with 1-C"-acetate is still in agreement with | 
this suggestion. Although citric acid formed from oxalacetate derived — 
directly by the Wood-Werkman reaction will be labeled in only one car- | 
boxyl group (Cs) and will consequently give rise to a non-radioactive ita- — 


conic acid, carboxyl-labeled C, dicarboxylic acids can be formed by re- 
cycling of Cg. tricarboxylic acids and possibly by the Thunberg-Wieland 
condensation. These reactions would lead to itaconic acid labeled equally 
in the two carboxyl groups (see Table III). Corzo and Tatum, in a 24 
hour experiment with 1-C'‘-acetate, and using shaken culture, found 45 
per cent of total radioactivity in C4 and 28.4 per cent in C, of itaconic acid. 
The increased activity in C, relative to C, possibly resulted from CO, 
fixation by the Wood-Werkman reaction. 

Incorporation of Succinate—It was apparent that the suggestion of Corzo 
and Tatum was unexpected if the double bond of cis-aconitic acid was 
formed between C2 and C; of citric acid (as is the case with animal aconi- 
tase (29)) and if the subsequent decarboxylation removed the carboxy] 


CH>. COOH 2 CHp. COOH 1 3 COOH 

CO. COOH 2 COOH 1 

6 

C H3. COOH 4 C Ho. COOH 5 5 CH 


Fic. 3. Formation of itaconic acid from 2-C"-acetic acid 


group attached to the secondary carbon of cis-aconitic acid. To gain fur- 
ther information, the experiments with succinic acid were carried out. It 
seemed unlikely that there would be extensive conversion of succinate to 
acetate, so that it would be possible to distinguish clearly the fate of an 
added C, dicarboxylic acid. The anticipated, ‘“‘normal”’ reactions (Fig. 4) 
would lead to the elimination of one of the carboxyl groups of succinic 
acid. If, however, the complete carbon skeleton of succinic acid was 
incorporated in itaconic acid, a different reaction sequence must have 
taken place. As shown in Table IV, both carboxyl groups of carboxyl- 
labeled succinic acid were retained in itaconic acid, and the C'* of methyl- 
labeled succinate was incorporated in Cz and C3 of itaconic acid. The 
complete carbon skeleton of succinic acid is therefore retained during 
formation of itaconic acid, and the conclusion of Corzo and Tatum that 
the carboxy! group lost is that associated with acetate is fully confirmed. 
Further, the original supposition that there would not be much conversion 
of succinate to acetate is confirmed by the experimental observations. 
The radioactivity in C; of itaconic acid was at most about 8 per cent when 
methyl-labeled succinate was used. 

Three possibilities may be considered to account for these results. (a) 
The action of mold aconitase may lead to the ‘‘abnormal” formation of 
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the double bond of cis-aconitic acid between C3 and C, of citric acid. 
Such a reaction is apparently involved in the formation of glutamic acid 
in Clostridium kluyvert (30). Evidence for such a possibility might be the 
known difference between mold and animal aconitase; although mold acon- 
itase from A. niger has been resolved into two components (31, 32), it has 
been concluded that animal aconitase is a single enzyme (33). (6b) A ready 
explanation for the observed results with succinic acid would be the incor- 
poration of added succinate and acetate into the tricarboxylic acid through 
the isocitritase reaction (34, 35) (Fig. 5). However, we have not been 
able to detect isocitritase activity in extracts of A. terreus mycelium, and, 
in any event, this mechanism does not explain Corzo and Tatum’s result 
with asymmetrically labeled citric acid. (c) The action of cis-aconitic 


C Hy. C OOH C OOH C Hp. C 00H CH, C OOH C Hp 
* 
Clipe C OOH CO. C OOH COOH COOH 
+ C OOH 
CH3. COOH CH» «COOH COOH COOH 


Fic. 4. Anticipated incorporation of succinic acid into itaconic acid. Carbon 
atoms of methyl-labeled succinate are distinguished as C*. Carbon atoms of car- 
boxyl-labeled succinate are distinguished as C°. 


COOH ——> CHO, COOH CH(OH). COOH CH. COOH 
* 
C OOH CH. ——> C.C OOH OOH 
x 
C Hp. C Hy. COOH C Hy. COOH Ho. C OOH 


Fic. 5. Incorporation of labeled succinic acids into itaconic acid via the isocitri- 
tase reaction. The symbols have the same significance as those in Fig. 4. 


decarboxylase may remove the carboxyl group attached to the primary 
carbon atom of cis-aconitic acid, rather than the carboxyl group attached 
to the secondary carbon atom as has been generally assumed. Such a 
reaction mechanism would explain all of the known isotope distributions. 
Further, it is the mechanism that might be expected in view of the known 
greater lability of unsaturated acids containing a 8,y-ethylene bond with 
respect to compounds containing an a,§-ethylene bond (36). From the 
present evidence, it is not possible to make a final choice between these 
three possibilities; it will be shown in Paper III of this series (37) that the 
third possibility is the most likely. 


SUMMARY 


The main mechanism for glucose dissimilation in itaconic acid forma- 
tion by Aspergillus terreus is the Embden-Meyerhof pathway, as evidenced 
by the progressive increase in radioactivity of the carbon dioxide produced 
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when the organism was grown on 1-C'4-p-glucose. Tracer experiments 
agree with Kinoshita’s hypothesis that itaconic acid is formed via citric 
and cis-aconitic acids. There is no evidence that the mechanism involves 
the condensation of 2 molecules of pyruvic acid, followed by dehydration 
and oxidative decarboxylation. About 60 per cent of the oxalacetic acid 
needed initially for citric acid formation is derived by the Wood-Werkman 
reaction and is condensed directly with methyl-labeled acetate. The 
other 40 per cent of oxalacetic acid is either formed by the Wood-Werk- 
man reaction and is in equilibrium with a symmetrical C, dicarboxylic 
acid or is formed by a C2 + Ce condensation. In addition, about 40 per 
cent of the citric acid is recycled to C, dicarboxylic acid. 

By using the two labeled succinic acids, it was found that the complete 
carbon skeleton of succinic acid was incorporated into itaconic acid. This 
would not be the case if czs-aconitic acid were formed by dehydration be- 
tween the carbon atoms of the oxalacetate moiety of citric acid, and if the 
decarboxylation of cis-aconitic acid removed the carboxyl group attached 
to the secondary carbon atom. Possible explanations for the observed 
results are discussed. The one explaining all of the observations most 
readily is the assumption that the action of cis-aconitic decarboxylase is 
to remove the carboxyl group attached to the primary carbon atom of 
cis-aconitic acid. 
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We have shown that crude, cell-free extracts of Aspergillus terreus con- 
tain aconitase and cis-aconitic decarboxylase, and therefore quantitatively 
decarboxylate cis-aconitic, citric, and d-isocitric acids to itaconic acid 
and COz (1, 2). With use of labeled substrates, it has been shown that 
the isotope distributions in itaconic acid are consistent with the forma- 
tion of cis-aconitic acid from citric acid and the subsequent decarboxyla- 
tion of this compound (3). However, using whole cell preparations, Ca- 
lam et al. (4), and more recently Eimhjellen and Larsen (5), were unable 
to demonstrate extensive conversion of citric to itaconic acid. 

It therefore seemed desirable to outline the intermediate stages between 
glucose uptake by A. terreus and itaconic acid synthesis and particularly 
to clarify the role of citric acid. Evidence has been obtained to indicate 
that in this organism glucose is dissimilated largely by the Embden-Meyer- 
hof reactions and the tricarboxylic acid cycle. Citric acid is regarded as 
a precursor of itaconic acid; possible reasons why citric acid appears to be 
a poor precursor are discussed. 


Materials and Methods 


Culture conditions for A. terreus NRRL 1960 were as previously de- 
scribed (3). The medium of Lockwood and Ward (6), containing glu- 
cose (15 per cent) and corn steep-liquor, will be referred to as ‘“‘growth 
medium.” ‘Synthetic medium” had the following composition: MgSO,-- 
7H.O 4.4 gm., NH,NO; 2.5 gm., KH2PO, 0.8 gm., NaCl 0.4 gm., ZnSQ,-- 
7H.O 4.4 mg., FeSO,-7H2O 10 mg., anhydrous glucose 150 gm., concen- 
trated nitric acid to pH 2.1; water to 1 liter. Synthetic medium without 
glucose and nitric acid will be referred to as “salts medium.” Synthetic 
fluorocitric acid (trisodium salt) was generously made available by Sir 
Rudolph Peters. 

Replacement Cultures—Replacement culture experiments were carried 


* A grant from the National Science Foundation (NSF-G-425), which made this 
work possible, is gratefully acknowledged. 


689 


| 


690 BIOSYNTHESIS OF ITACONIC ACID. II 


out with mycelial pads, pregrown for 4 to 5 days on growth medium (100 
ml.) in the flasks shown in Fig. 1. These replacement flasks (500 ml. 
capacity) were initially plugged with cotton at A and B and carried a short 
length of rubber tubing closed with a screw clip at C. With a good grade 
of rubber, such flasks could be sterilized without leakage. To replace the 
medium, the cotton plug at A was removed, and a sterilized, cotton- 
plugged filling tube (volume 120 ml.), connected to a standard taper 10/30 
ground glass joint with a short length of rubber tubing carrying a spring 
clip, was attached to the flask. The medium was then removed through 
C, and sterile water (100 ml.) was admitted from the filling tube and in 
turn removed through C. This washing was repeated as desired, and 
finally the new replacement medium was introduced in the same way. 


B 


Fic. 1. Flasks for replacement culture experiments. These flasks were con- 
structed from 500 ml. Pyrex Erlenmeyer flasks. <A is a standard taper 10/30 ground 
glass joint. 


After removal of the filling tube, A was closed with a sterile standard taper 
10/30 stopper. Any small air bubbles under the mycelium were removed 
by careful manipulation with a sterile needle. 

Itaconic Acid E'stimations—These estimations were conveniently carried 
out by modifying the permanganate method of Dickman (7) for cis-aconitic 
acid. Although this method is less specific than that of Iriedkin (8), its 
use is justified, since itaconic acid predominates in the culture fluid, and 
other acids reacting with permanganate were never detected in significant 
amounts (see under “Intermediates of tricarboxylic acid cycle’). The 
assay has a range of 0 to 200 y of itaconic acid. Stock solutions were pre- 
pared as follows: Metaphosphoric acid pellets (8.5 gm.) were dissolved in 
20 ml. of water; the filtered solution could be kept 3 to 4 days at 0°. Po- 
tassium permanganate, 5 ml. of 0.1 N solution, was diluted to 100 ml. 
immediately before use. A standard solution of 1 gm. of pure itaconic 
acid in 1 liter was diluted 1:10 before use. 0.5 ml. of metaphosphoric 
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acid was added to the solution to be assayed, and the volume made up to 


" 5 ml. in a Klett tube. The tubes were chilled in ice for 10 minutes, and, 
rt while still in the ice bath, 2 ml. of potassium permanganate solution (at 
le room temperature) were added. The tubes were removed from the ice 
us bath, shaken to mix the contents, and finally allowed to stand in the dark 
ss at room temperature for 10 minutes. The optical density was then de- 
( termined immediately in the Klett-Summerson colorimeter with the 540 
ve my filter. Careful attention to timing was essential to obtain consistent 
h results. 
“4 Citric Acid Estimations—These determinations were made by the penta- 
bromoacetone method of Taylor (9). Amounts of itaconic acid over 0.2 


mg. interfered with this determination, and the itaconic acid was therefore 
‘ reduced to methylsuccinic acid as follows: 0.5 to 1.0 ml. portions of culture 
medium, made up to 3 ml. with water, were treated with 1 ml. of 27 n 
sulfuric acid and 0.5 to 1.0 gm. of granular zine. After heating in a boiling 
water bath for 30 minutes, at which time the initial reaction had dimin- 
ished, the tubes were removed from the water bath and treated with a 
small crystal of copper sulfate. A vigorous reaction again took place, 
and, when it had subsided, the tubes were replaced in the boiling water 
bath for 90 minutes. The solutions were filtered, two portions (1.5 ml. 
each) of wash water being used, and the combined filtrate and washings 
were used directly for the citrate analysis. 

Paper Chromatography—Ascending chromatograms on Whatman No. 1 

paper were used routinely for identification of organic acids (10) with the 
following solvents: Solvent 1, n-amyl alcohol-5 m formic acid (1:1); Sol- 
vent 2, 2-ethyl-l1-butanol-5 m formic acid (2:3). To separate lactic and 
succinic acids, a new system, ethanol-water-ammonia (concentrated) 
(48:6:12), was used. 
Culture fluids were extracted continuously with ether for 16 hours. Af- 
ter removal of the ether, the residue was treated with water, usually 1 ml. 
l (a little more was used if large amounts of itaconic acid were present). If 
any itaconic acid remained undissolved, the mixture was centrifuged for a 
few minutes. 5 and 10 A portions of the clear supernatant fluids were 
spotted on the papers. 2,4-Dinitrophenylhydrazones of keto acids were 
prepared essentially as described by Friedemann and Haugen (11) and 
chromatographed as described by El Hawary and Thompson (12). 


Results 
Evidence for Operation of Embden-Meyerhof Reactions—The gradual and 
delayed appearance of C" in daily collections of expired CO. when A. 
terreus was grown on 1-C"'-glucose was evidence that the C™ was released 
during the terminal stages of oxidation (3). This suggested that the 
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main pathway for glucose utilization in this organism was the Embden- 
Meyerhof pathway, followed by the tricarboxylic acid cycle. 

Further evidence that aldolase was involved in the early stages of glu- 
cose dissimilation was obtained thus: Cell-free extracts prepared from 4 
day-old cultures grown on growth medium were tested for their ability 
to form triose phosphate from hexose diphosphate by the following modi- 
fication of the methods of Arnstein and Bentley (13). After removal of 
the original culture fluid, the cultures were allowed to stand for 2 hours 


TABLE I 
Aldolase Activity in Extracts of A. terreus Mycelium 
Original extract Heat-treated extract* 
Time 
At It A-I§ A I A-I 

min. 

0 0.23 0.30 —0.07 0.38 0.38 0.00 
10 1.61 0.46 1.15 0.31 0.23 0.08 
20 1.91 0.53 1.38 0.31 0.23 0.08 
30 2.14 0.61 1.53 0.23 0.31 —0.08 


* Heated in boiling water bath for 5 minutes. 

t+ A = total inorganic phosphate after treatment with Nn NaOH; all values in these 
columns are given in mg. of PQ, per original volume. 

t I = inorganic phosphate in untreated solution. 

§ A-I = alkali-labile phosphate. 

In each case 1 ml. of enzyme preparation (or heat-treated control) was mixed with 
3.5 ml. of 0.1 mglycine buffer (pH 9.0) and 0.5 ml. of sodium hexose diphosphate (2 ml. 
of 0.25 m solution, pH 7.0, were diluted to 10 ml. with 0.1 m glycine buffer, pH 9.0, 
before use). 0.5 ml. samples of incubation solution (37°) were withdrawn at the time 
intervals stated and added to 1 ml. of 25 per cent trichloroacetic acid. The filtered 
solutions were made up to 5 ml., and 2 ml. portions were used for determination of 
inorganic phosphate (25). 1 ml. portions were treated with 1 ml. n NaOH for 20 
minutes at room temperature. After addition of 1 ml. N HCI, inorganic phosphate 
was again determined. 


at 0° with sterile water and were then further washed with ice-cold water 
(100 ml. portions in each case). The combined mycelia from two cultures 
were ground in a mortar with a total of 10 ml. of 0.1 m glycine buffer, pH 
9.0, and about 1.5 gm. of fine glass beads. (These beads were United 
States standard sieve size, minus 70 plus 80, and were supplied by A. 8. 
Lapine and Company.) After centrifugation of the homogenate (2000 
r.p.m., 0°) a yellowish, opalescent solution, pH 7.1, was obtained. 1 ml. 
portions of this solution and a heat-treated control were incubated with 
sodium hexose diphosphate (Table I). Samples from the incubation mix- 
tures were assayed for inorganic and alkali-labile phosphate at various 
time intervals. As shown in Table I, these cell-free extracts of A. terreus 
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—_ mycelium actively formed triose phosphate from hexose diphosphate and 
therefore contained aldolase. 
lu- Effect of Fluoride and Iodoacetate on A. terreus—A. terreus showed marked 
. 4 sensitivity to fluoride and iodoacetate, as would be expected for an organ- 
ity ism utilizing glucose mainly by the Embden-Meyerhof pathway. Glucose 
di- utilization and itaconic acid synthesis in replacement cultures on synthetic 
of medium containing sodium fluoride compared with those of controls on 
— synthetic medium alone are shown in Table II. Although there was little 
effect on both processes at 1 X 10-5 m fluoride, both glucose utilization 
TaBLE II 
Effect of Fluoride on Glucose Utilization and Itaconic 
— Acid Synthesis in Replacement Cultures 
— Inhibitor concentration, Inhibitor concentration, Inhibitor concentration, 
1X 10-5 1X 3.3 X 10-3 M 
3f Total glucose Itaconic acid | Total glucose Itaconic acid Total glucose Itaconic acid 
NaF | Control} NaF NaF |Control| NaF | Control; NaF | Control; NaF 
1 | 9.5 | 8.9 | 14.3 | 13.7 20.1] 9.3 | 11.0} 12.9] 4.5] 0.7 
2 17.9 | 15.4 | 4.7 | 6.0 | 30.6 | 17.0 11.5 | 0.6 
3 | 2.2 | 0.6 | 15.9 | 13.8 3.1 | 12.8 | 21.0 | 0.5 
th 4 10.8 | 9.1 | 0.1 | 0.6 | 39.5 | 26.0 
1] 5 |} 0.38 |}0.5 | 4.4} 2.2* 0.5 | 12.7 | 25.0 | 0.6 
0. 6 31.4 | 21.4* 
i 7 19.5 | 0.5* 
ed * Experiment terminated. All cultures were grown on growth medium, and re- 
. placed with synthetic medium (controls) or synthetic medium with stated concentra- 
tions of NaF, on the 4th day. The three experiments were carried out at different 
te times. All values reported are averages from two flasks. 
and itaconic acid synthesis were almost completely prevented at 3.3 X 
i 10-3 m and were accompanied by a decrease in the final dry weights of the 
7 mycelial pads (0.6 gm.; controls, 2.9 gm.). Similar results were obtained 
d with iodoacetate, which completely inhibited glucose utilization at 1 X 
: 10-7 m. At similar concentrations, these inhibitors, added to growth me- 
5. 
0 dium before inoculation, completely prevented growth of the organism. 
_ Effect of Arsenite—As further evidence for a C;-C; split of glucose, it 
h was desirable to see whether pyruvate accumulation could be detected. 
ss The effect of | X 10 M arsenite added to synthetic medium in replace- 
‘ ment experiments compared with that of controls on synthetic medium 
is shown in Table III. Although in the inhibited cultures glucose utiliza- 
tion was but little affected, itaconic acid synthesis was almost completely 
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inhibited. There was a marked increase of the pH of the medium and of | 


the final mycelial dry weights of the arsenite-treated cultures (4.45 gm.; 
controls, 2.40 gm.). In a further experiment under the same conditions, 
samples of culture medium at replacement Days 1, 2, 3, and 5 were allowed 
to react with 2 ,4-dinitrophenylhydrazine, and the dinitrophenylhydrazones 
were chromatographed. In both normal and arsenite-treated cultures, 
the 2,4-dinitrophenylhydrazone of a-ketoglutaric acid was present at all 
times (with the exception of Day 5 in the arsenite-treated cultures). The 


TaBLeE III 
Effect of Arsenite Inhibition on Replacement Cultures 
| Control cultures Arsenite-inhibited cultures 
Days after replacement 
pH Htaconic Total glucose) 
mg. per ml. gm. mg. per ml. gm. 
1 19.5 8.3 1.3 12.1 
2 38.9 1.9 1.2 2.1 
3 41.9 he 2.0 1.0 9.1 2.2 
4 45.6 | 1.9 
5) 43.2 0.0 {| 2.2 1.4 0.4 4.2 
7 26.4 1.3 
14.0 2.6 1.2 3.7 


Cultures were grown on 100 ml. portions of growth medium and replaced with 
synthetic medium (controls) and synthetic medium containing arsenite (1 & 10-3 m) 
on the 5th day. The values given are average values obtained from two cultures in 
each case. The arsenite-treated cultures were covered with yellow-white incrusta- 
tions, and were very different in gross appearance from the typically smooth, pink- 
colored pad of a normal culture. 


2 ,4-dinitrophenylhydrazone of pyruvic acid was present in the arsenite- 
treated cultures only, at Days 1, 2, and 3. 

Intermediates of Tricarboxylic Acid Cycle—Identification of several acids 
of the tricarboxylic acid cycle, present in small amounts in the culture 
medium, was accomplished by paper chromatography. It was necessary 
to use synthetic medium in these experiments, because corn steep-liquor 
(present in growth medium) was shown to contain lactic, succinic, and 
other unidentified acids. Difficulty in obtaining good resolution of the 
chromatograms resulted sometimes from the large amounts of itaconic acid 
relative to the other acids. However, the results of many experiments 
may be summarized as follows: itaconic acid was usually pronounced at 
the 3rd day of growth and was always accompanied by several other acids. 
Definite identification of a-ketoglutaric, succinic, and malic acids was pos- 
sible. The presence of a-ketoglutaric. acid was further confirmed by chro- 
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matography of its 2,4-dinitrophenylhydrazone as previously described in 
connection with the arsenite inhibition experiments. There was no evi- 
dence for the presence of either pyruvic or oxalacetic acid in normal cul- 
tures. 

In all chromatograms, one or two acids with R- values higher than that 
of itaconic acid (Solvent 1, 0.76; Solvent 2, 0.66) were always present; 
although identification was difficult, one acid is believed to be fumarie. 
In addition, in using both solvents, a “comet” of low Rr value and variable 
length, characteristic of oxalic acid, was always observed which obscured 
the identification of other acids of low Ry values (e.g., citrie acid) present 
in ordinary cultures. However, extracts of replacement cultures gave 
chromatograms in which this interference was less pronounced, and small 
spots with the Ry value of citric acid were obtained both from synthetic 
medium and in controls on salts medium. 

Growth of A. terreus on Citric Acid—Since the above experiments indicated 
a role for the tricarboxylic acid cycle, the growth of the organism on citric 
acid was investigated. Citric acid as the sole carbon source added to salts 
medium maintained at pH 2.1 supported growth of A. terreus, provided 
the citric acid concentration did not exceed 5 per cent. Concentrations of 
citric acid equal to those required for the formation of itaconic acid during 
glucose dissimilation (10 to 15 per cent) were inhibitory and did not allow 
proper growth. At a citric acid concentration of 2.3 per cent, small 
amounts of itaconic acid were formed, comparable to the yields obtained 
from glucose at similar concentrations (6, 14). Similar results were ob- 
tained with citric acid media with the addition of corn steep-liquor. 

Citrate Utilization in Replacement Cultures—The poor utilization of citric 
acid for itaconic acid synthesis in replacement culture experiments was 
shown with the following media: Medium A (as a control), glycine, 5.0 gm.; 
HCl to pH 2.2; water to 100 ml. Medium B, the same as Medium A, with 
the addition of 5.0 gm. of citric acid monohydrate. The results of this 
experiment are shown in Table IV. The pH of the solutions was restored 
to 2.2 by daily additions of N HCl as necessary. In a control flask from 
which this addition was omitted, the pH had risen to 5.8, 5 days after re- 
placement. This increase in pH was found to be due to ammonia forma- 
tion, presumably by deamination of the glycine buffer, and still took place 
in the flasks where a low pH was maintained. Itaconic acid formation 
was maximal 7 days after replacement and was 4.9 mg. per ml. above the 
maximum obtained with buffer alone. For comparison, it may be noted 
that the maximal yield obtained in a glucose replacement experiment aver- 
ages 30 to 40 mg. per ml. in about 4 days. 

The formation of citric acid during growth was investigated quantita- 
tively in cultures grown on growth medium. The results of this experi- 
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ment indicated that, although up to 62 mg. per ml. of itaconic acid were 
formed by the 7th day, the maximal yield of citric acid was about 807 per 
ml. 

Use of Fluoroacetate and Fluorocitrate As Inhibitors—It was hoped that 
inhibition of aconitase could be achieved with fluoroacetate or fluorocitrate, 
leading to accumulation of citric acid rather than itaconic acid. In pre- 
liminary experiments it was found that fluoroacetate added to growth 
medium before inoculation almost completely prevented growth even at 
a concentration of 2 K 10-°m. Because of the sensitivity of the organism 


TABLE IV 
Itaconic Acid Formation from Citric Acid in Replacement Cultures 
Experiment 1, Medium A Experiment 2, Medium B 
Replacement Day No. 
pH N Itaconic acid pH N Itaconic acid 
mg. per ml. | mg. per ml. mg. per ml mg. per ml 

2 2.5 1.5 1.5 2.4 1.1 2.3 
3 2.3 3.3 1.1 2.4 1.8 4.3 
4 2.7 5.3 1.3 2.4 3.0 5.0 
6 4.] 6.1 1.9 2.7 5.9 7.8 
7 2.7 5.2 2.9 2.5 7.0 7.8 
8 2.9 6.2 2.5 2.9 6.2 5.8 
10 3.1 6.5 2.0 4.9 7.4 6.6 
14 7.0 7.6 1.4 6.8 7.9 4.8 


Cultures were pregrown for 5 days on growth medium and then replaced with 
Medium A (control) and Medium B (citric acid as sole carbon source; see the text). 
In both experiments, the pH of the culture fluid was restored to 2.2 by daily addition 
of Nn HCl up to the 10th day. The pH values recorded are those prior to this adjust- 
ment. Ammonia in the solution was determined by nesslerization. 


to fluoroacetate under growth conditions, the use of replacement cultures 
was investigated. Although under these conditions fluoroacetate inhib- 
ited strongly the further formation of itaconic acid, the effect was non- 
specific, for at the same time glucose utilization was also inhibited. The 
inhibition of both processes was slight at 2 X 10-5 m, but was virtually 
complete at 1 107% 

In further replacement experiments, the effect of fluorocitrate 
(2 X 10-4 mM) was compared with that of fluoroacetate at the same molar 
concentration. The results (Table V) show that the effect of fluorocitrate 
was less pronounced than that of fluoroacetate. With fluorocitrate, glu- 
cose utilization was only slightly delayed, compared with control flasks; 
the yield of itaconic acid 4 days after replacement was 31.2 per cent less 
than that of the controls (with fluoroacetate, itaconic acid formation was 
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ere TABLE V 
per Comparison of Effects of Fluoroacetate and Fluorocitrate 
Inhibition in Replacement Cultures 
hat Total glucose Itaconic acid Citric acid 
ate, Days after replacement é 
Control] Citrate | acetate | | Citrate | acetate| COMO! | Citrate | acetate 
vth 
sm 1 10.5 |11.8 {13.1 6.3 | 5.3 | 2.7 | 180 | 140 | 180 
2 6.1 | 6.8 |11.4 | 24.9 | 20.2} 3.5} 121 | 110 101 
3 2.3 |3.0 | 8.7 | 37.2 | 27.4 | 10.0; 119 | 112 | 121 
4 0.7 | 1.0 | 6.4 | 40.6 | 27.9 | 17.0 
Final pH.. 2.6 | 2.6 | 2.1 
—— Final weight of my- 
acid celium, gm........ 2.203) 2.719) 1.340 
* All values reported are the averages from two flasks. Replacement was carried 
out on the 4th day of growth on growth medium. 
TaBLe VI 
Effect of Potasstum Ferrocyanide on Itaconic Acid 
Production in Replacement Cultures 
Experiment 1 Experiment 2 
“ Days after replacement Total glucose Itaconic acid Total glucose Itaconic acid 
ion 1074 1074 1X 10-4 M 1X 1074 
eS 1 8.3 7.3 19.5; 10.5 | 10.1 9.3 15.2 | 17.7 
~~ 2 38.9 | 37.8 34.0 | 38.7 
3 4.7 4.7 41.9 | 39.1 2.0 1.9 40.5 | 44.2 
agi 4 45.6 | 44.1 41.4 | 46.5 
he 5 0.0 | 0.6 | 43.2] 49.4 | 0.0 | 0.0 | 34.1} 40.1 
ly 7 26.4 |} 40.0 
4) 14.0 | 27.8 
te Dry weight of 
ar mycelium, gm...| 2.40 | 1.98 2.11} 1.79 
te 
u- All values are the average from two flasks. The cultures were replaced on the 
me Sth day in each case, with synthetic medium with or without potassium ferrocya- 
oe nide. The solutions containing ferrocyanide were initially blue, but were slowly de- 
SS colorized during the progress of the experiments. 
aS 
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58.5 per cent less). Surprisingly, neither the fluorocitrate nor the fluoro- 
acetate cultures showed an increased formation of citric acid. On the con- 
trary, the daily levels of citric acid were, on the whole, slightly lower than 
those in the controls. The inhibition of glucose utilization by fluoroacetate 
resulted in a lower final mycelial dry weight, 7.¢c. 1.340 gm., compared with 
the control value of 2.203 gm. The diminished itaconic acid formation 
(but unchanged glucose utilization) with fluorocitrate resulted in a higher 
mycelial dry weight, 7.e. 2.719 gm. 

Use of Ferrocyanide As Inhibitor—Experiments with potassium ferro- 
cyanide (1 X 10-4 mM) showed that this compound had little effect on glu- 
cose utilization and pH change in replacement cultures (see Table VI). 
There was, however, a significant increase in the yield of itaconic acid; in 
two separate experiments, the increase was 8.3 and 12.3 per cent of the 
control values. Further, the reutilization of itaconic acid was considerably 
delayed. The mycelial dry weight of inhibited cultures was slightly lower 
than that of the controls. 


DISCUSSION 


The early stages of glucose utilization in fungi, long in doubt (15), were 
clarified in 1948 when Lynen and Hoffman-Walbeck (16) obtained aldolase 
preparations from Penicillium notatum mycelium. Cell-free extracts con- 
taining aldolase have now been obtained from various Aspergilli (13, 17, 
18) and from the strain of A. terreus used in the present work. Our pre- 
vious conclusion (3) that glucose dissimilation in A. terreus involves mainly 
the Embden-Meyerhof reactions is reinforced by this demonstration of 
aldolase activity, by the inhibitory action of fluoride and iodoacetate on 
glucose utilization, and by the accumulation of small amounts of pyruvate 
in arsenite-poisoned, surface replacement cultures. The latter result con- 
firms the work of Eimhjellen and Larsen (5) with non-proliferating cell 
suspensions from shaken cultures. In our work, carried out with surface 
cultures over longer time intervals, the increased, final dry weight of myce- 
lium from arsenite-treated cultures, compared with that of controls, was 
particularly striking (2.3 times as great). Arsenite inhibition of A. lerreus 
amounts, in effect, to a diversion of intermediates from the pathway of 
itaconic acid synthesis. Pyruvate can either be used for formation of cell 
material (in the presence of arsenite) or can be “shunted” to itaconie acid 
under the low pH growth conditions normally used. 

The further metabolism of pyruvate through the tricarboxylic acid cycle 
is confirmed by the present finding of some acids characteristic of this cycle 
(citric, a-ketoglutaric, suecinic, and malic acids) accompanying itaconic 
acid formation. Sueccinic acid was previously reported by Calam et al. 
(4) from three out of five strains of A. terreus, none of which produced ita- 
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conic acid. Malic acid was also identified in this earlier work and accom- 
panies itaconic acid formation in shaken cultures (19). In such cultures, 
when the pH is allowed to rise by addition of CaCO3, malic acid formation 
increases 9.5-fold, and some succinic and fumaric acids accumulate with 
exclusion of itaconic acid. A similar distribution of the Krebs cycle inter- 
mediates (citric, malic, succinic, and fumarie acids, but not a-ketoglutaric 
acid) was reported for Aspergillus niger (20). 

Role of Citric Acid in Itaconic Acid Biosynthesis—The difficulty of es- 
tablishing precursor-product relationships in whole cells is illustrated by 
the case of citric and itaconic acids. Our preparation of cell-free extracts 
from A. terreus, which decarboxylate cis-aconitic and citric acids, leaves 
little doubt that these compounds are, respectively, the ultimate and pen- 
ultimate precursors of itaconic acid (1, 2). That this sequence cannot be 
well demonstrated in whole cells is probably due to the “unphysiological”’ 
conditions necessary for maximal itaconic acid synthesis, 7.e. an extremely 
high glucose concentration (10 to 15 per cent) and an extremely low pH, 2. 

For reasons which are not clear but which may involve considerations 
of permeability, citric acid is inhibitory to growth at those concentrations 
where glucose is most effectively converted to itaconic acid. That per- 
meability is a factor is further suggested by Eimhjellen and Larsen’s failure 
(5) to obtain a significant conversion of c7s-aconitic to itaconic acid, despite 
a 26.5 per cent conversion of added citric acid in the same system and 
despite the fact that shaken culture cells contain the necessary enzyme, 
cis-aconitic acid decarboxylase (1). 

Study of the utilization of citric acid for growth shows that the conditions 
for best utilization are not those for best itaconic acid synthesis. Eimbhjel- 
len and Larsen reported that citric acid is not effectively utilized as a car- 
bon source in shaken cultures unless the pH is maintained above 4; no itaco- 
nic acid accumulated under these conditions (5). In replacement cultures, 
maintained at pH 2.2, we obtained 15.8 per cent of the theoretical yield of 
itaconie acid (calculated on the basis of weight of citric acid added, assuming 
formation of 1 mole of itaconate per mole of citrate). On the same basis, 
Calam et al. obtained a 1.5 per cent yield at an initial pH of 4.3 (final pH, 
6.0). The highest yield, 26.5 per cent, was that obtained by Eimhjellen 
and Larsen (5) with non-proliferating cell suspensions from shaken cultures 
at pH 2.1. 

The finding that citric acid accumulates in the culture medium of sur- 
face cultures of A. terreus in amounts not higher than 0.2 mg. per ml. merely 
indicates that it is rapidly utilized; its concentration is of the same order 
of magnitude as the other acids of the tricarboxylic acid cycle which were 
found to be present. The failure of fluoroacetate and fluorocitrate to lead 
to an increased accumulation of citric acid was unexpected. Since, as 
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shown in Paper III (21), fluorocitrate is an inhibitor of the aconitase pres- 
ent in cell-free extracts of A. terreus, the low pH conditions under which 
fluoroacetate and fluorocitrate were tested may have interfered with their 
action. Fluoroacetate was a more potent inhibitor than fluorocitrate, and 
the two compounds may have functioned differently. In some respects, 
the action of fluorocitrate resembled that of arsenite, since, with both of 
these compounds, production of cell material took place at the expense of 
itaconic acid synthesis. Our results again differ from those of Eimhjellen 
and Larsen with cell suspensions from shaken cultures (5). They found 
that fluoroacetate at concentrations greater than 10-1 m decreased glucose 
utilization but increased the molar yield of itaconic acid. Fluoroacetate 
also considerably increased synthesis of itaconic acid from citric acid. 
Their results on citric acid accumulation from glucose in the presence of 
fluoroacetate were equivocal; in two out of five experiments, a small in- 
crease in citric acid formation above that of controls was noted. 

It is of interest that potassium ferrocyanide, a known inhibitor of iso- 
citric dehydrogenase (22), led to a pronounced increase in itaconic acid 
synthesis in replacement cultures. This is analogous to its effect in the 
citric acid fermentation (23) and provides further evidence for the role of 
citric and cis-aconitic acids. When the oxidation of these intermediates 
is prevented by blocking the tricarboxylic acid cycle with this inhibitor, 
the increased availability of citric acid leads to an increased itaconic acid 
synthesis. 

Upon their failure to demonstrate the conversion of cis-aconitic acid to 
itaconic acid, Eimhjellen and Larsen have concluded that an ‘“‘activated” 
form of citric acid is a more likely precursor of itaconic acid than is cis- 
aconitic acid (5). They suggested the conversion of activated citric acid 
to citramalic acid, followed by a dehydration to itaconic acid. They were 
unable to show conversion of DL-citramalic acid to itaconic acid in their 
system. Despite the difficulties of demonstrating an accumulation of 
citric acid in the presence of appropriate inhibitors and of obtaining high 
yields in the conversion of added citric acid to itaconic acid, the results 
reported here are believed to substantiate Kinoshita’s original hypothesis 
of itaconic acid biosynthesis (24). Some of the difficulties apparently 
arise from attempts to derive conclusions from experiments with intact 
fungal cells. The more efficient utilization of glucose, compared to that 
of added citric acid, may still implicate an activated citric acid which is 
metabolically more active (probably in formation of cis-aconitic acid) than 
is added citric acid. 


SUMMARY 


Evidence that glucose dissimilation during biosynthesis of itaconic acid 
involves the Embden-Meyerhof pathway is the isolation of cell-free ex- 


BD BO 8h 


to 


t 
V 
f 
U 
F 
r 
t 
2 


R. BENTLEY AND C. P. THIESSEN 701 


tracts with aldolase activity from mycelial pads, the accumulation of pyru- 
vate in arsenite-treated replacement cultures, and the inhibition of glucose 
utilization by fluoride and iodoacetate. The pyruvate is believed to be 
further utilized through the tricarboxylic acid cycle. Presumptive evi- 
dence for the operation of this cycle is the identification of citric, a-keto- 
glutaric, succinic, and malic acids in the media of cultures also producing 
large amounts of itaconic acid. 

Only small amounts of citric acid are normally present in growth and 
replacement cultures. Fluoroacetate and, to a lesser extent, fluorocitrate 
inhibit glucose utilization in surface replacement cultures without leading 
to an increased accumulation of citric acid. Inhibition of isocitric dehydro- 
genase with potassium ferrocyanide leads to an increased synthesis of 
itaconic acid and to a delay in its reutilization. 


The authors gratefully acknowledge the technical assistance of Miss Joy 
Fisher in carrying out some of these experiments. 
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BIOSYNTHESIS OF ITACONIC ACID IN 
ASPERGILLUS TERREUS 


III. THE PROPERTIES AND REACTION MECHANISM OF 
cis-ACONITIC ACID DECARBOXYLASE* 


By RONALD BENTLEY anp CLARA P. THIESSEN 


(From the Department of Biochemistry and Nutrition, Graduate School of 
Public Health, University of Pittsburgh, Pittsburgh, Pennsylvania) 


(Received for publication, October 15, 1956) 


Papers I and II (2, 3) have provided evidence that biosynthesis of ita- 
conic acid in Aspergillus terreus proceeds through formation of citric acid, 
dehydration to cis-aconitic acid, and finally decarboxylation of the latter 
by the enzyme, cis-aconitic decarboxylase (CAD) (4). This paper de- 
scribes the general properties of CAD. The enzyme is of particular in- 
terest, since it is the first experimentally demonstrated decarboxylation 
reaction leading to the formation of the methylene group. ‘The investiga- 
tion of the reaction mechanism of CAD, also reported here, was of partic- 
ular importance in view of difficulties in interpreting some of the earlier 
isotope results. It seemed that the carboxy] group lost in itaconic acid 
formation was that originally associated with acetate; this result would 
not have been predicted from the known reaction mechanism of aconitase, 


followed by the reaction, C=CH-COOH — C=CH: + CO». It was 


possible that either the reaction mechanism of mold aconitase was different 
from that of ‘‘animal’”’ aconitase or, alternatively, that the action of CAD 
was to remove the primary carboxy] group of cis-aconitic acid rather than, 
as generally assumed, the secondary carboxyl. 


Materials and Methods 


Aspergillus terreus NRRL 1960 was maintained as previously described 
(2). A gift from Dr. 8. F. Carson of asymmetrically labeled citric acid 
containing C in the carboxyl groups of the oxalacetate moiety is grate- 
fully acknowledged. A sample of synthetic fluorocitric acid, trisodium salt, 
was kindly provided by Sir Rudolph Peters. We are indebted to Dr. D. 
B. Sprinson and Dr. O. Gawron for sodium glyoxylate and dl-alloisocitric 
lactone, respectively. Solutions of cis-aconitic acid were prepared from 

* A grant from the National Science Foundation (NSF-G-425) which made this 


work possible is gratefully acknowledged. A preliminary account of some of these 
results has already appeared (1). 
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the anhydride (California Foundation for Biochemical Research) immedi- | 
ately before use; for routine determination of enzyme activity, 50 mg. of 
anhydride were dissolved in 2 ml. of ice water, adjusted to pH 7.0 with ice- 
cold 0.2 Mm NaOH (about 4.5 ml.), and made up to 10 ml. D220 was ob- 
tained from the Stuart Oxygen Company, San Francisco, California, on 
allocation of the United States Atomic Energy Commission. Deuterium 
analyses were carried out through the kindness of Dr. D. Rittenberg and 
Dr. D. B. Sprinson. Samples for determination of radioactivity were 
prepared as described by Popjak (5). 

We are grateful to Dr. I. C. Gunsalus for a gift of isocitritase. Pig heart 
aconitase was prepared as described by Anfinsen (6); the preparation was 
carried to the third alcohol precipitation. 

Itaconic and other acids were regularly separated by partition chroma- 
tography on the standard 12 gm. Celite columns described by Phares e¢ al. 
(7). The elution of itaconic acid, not described by these authors, was 
carried out with chloroform-10 per cent n-butanol. Acids were identified 
by their order of elution from the column and by paper chromatography 
(8, 9). Itaconic acid estimations were carried out by the colorimetric 
permanganate method previously described (3). 

To facilitate discussion of results with labeled compounds, citric, iso- 
citric, czs-aconitic, and itaconic acids will be numbered as indicated below. 
The carbon atoms of citric acid derived from oxalacetic acid are C,, Ce, Cs, 
and Cg. 


2 CH2-COOH 1 2 CH(OH)-COOH 2 CH-COOH 1 5 CH: 


| | 
3 C(OH)-COOH 6 CH-COOH 6 3C-COOH6 2C-COOH1 


| | 
4 CH.-COOH 5 4 CH.-COOH 5 4 CHe-COOH 5 3 CHe-COOH 4 
Citric Isocitric cis-Aconitic Itaconic 
Results 


Enzyme preparations were routinely obtained from surface cultures 
grown for 4 days at 28-30° on 100 ml. portions of “growth medium” in 500 
ml. Erlenmeyer flasks. The culture medium at this time usually contained 
from 5 to 15 mg. of itaconic acid per ml., and the dry weight of the mycelial 
pads averaged 0.6 gm. The culture medium was removed by decantation, 
and the mycelium was refloated on 100 ml. of distilled water and allowed 
to stand for 1 hour at room temperature. After further washing with 
several portions of ice-cold water, the mycelium was ground in a mortar 
and pestle in the cold room. For one standard mycelial pad, 3 to 4 ml. of 
0.2m phosphate buffer, pl 6.5, and 1.5 gm. of fine glass beads (United 
States standard sieve size, minus 70 plus 80, supplied by A. S. Lapine and 
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Company) were added. ‘The mass was ground vigorously for about 3 min- 
utes, a little more buffer being added as the mass became too pasty. <A 
total of 10 ml. of buffer was used in the grinding process and in rinsing the 
mortar and pestle. After centrifuging at 1500 X g for 20 minutes (0°) the 
supernatant fluid was filtered, yielding an orange-tan, opalescent solution. 
Such preparations had pH values from 6.0 to 6.5, and contained between 
3.0 and 4.0 mg. of protein per ml. They also contained a variable amount 
of itaconic acid (usually between 0.5 and 0.7 mg. per ml.) released from 
the cells during grinding. Before use, these preparations were usually cen- 
trifuged at 14,000 X g for 20 minutes (0°). 

Upon storage overnight at 0°, the extracts lost about half of their initial 
activity; preliminary attempts at purification have not been successful 
and the work reported here has been carried out with extracts, freshly 
prepared, as just described, before use. 

The decarboxylation of czs-aconitic acid was followed manometrically 
at 37°. Routinely, 1 ml. of enzyme solution was used with 1.6 ml. of 0.2 
mM phosphate buffer, pH 5.6 (10), and 0.4 ml. of substrate solution, con- 
taining 12.8 umoles of cis-aconitic acid as neutral sodium salt, was added 
from the side arm. The rate of the reaction was linear over the first 10 
minutes, and thereafter fell off, as shown by the results plotted in Fig. 1. 
The amount of carbon dioxide formed was equivalent to the yield of itaconic 
acid after making a necessary correction for the amount of itaconic acid 
originally present in the enzyme solution (Fig. 1). The initial pH of the 
reaction mixture before substrate addition was 5.9; the final pH after de- 
carboxylation, 6.1. The preparations were found to be most active over 
the pH range 5.6 to 6.0 (incubation solution prior to substrate addition) 
(Table I). 

Dialysis for 2 hours at 0° against 0.05 m phosphate buffer, pH 7, did not 
result in a substantial loss of activity; when the dialysis was continued for 
longer periods (up to 15 hours), the preparations were inactivated. The 
activity could not be restored by the addition of boiled preparations, nor 
by the addition of yeast extract (final concentration 0.2 per cent), pyridoxal 
phosphate (1 mg. per ml.), Mg**, or Mn** (final concentrations 0.001 M). 
It seems possible that the inactivation on prolonged dialysis is a result of 
protein denaturation, rather than loss of a soluble cofactor. 

The preparations did not. decarboxylate trans-aconitic acid, nor did this 
compound inhibit the decarboxylation of cis-aconitic acid. Carbon dioxide 
was also formed from citrate and d-isocitrate! as shown in Fig. 2; the rate 
of COz production in each case was linear for at least 45 minutes. In 


1 Naturally occurring isocitrie acid will be referred to as d-isocitrie acid.  Al- 
though its configuration has been determined (11), there seems so far to be no agree- 
ment for the nomenclature of this compound. 
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general, the initial rate of formation of COz2 from d-isocitrate was about 
one-half that from cis-aconitate, and 2 to 3 times that from citrate at the 
same concentrations. These ratios varied from preparation to preparation. 


uMOLE COo 
yn OD N WO 


1 
20 40 60 80 100 
MINUTES 
Fic. 1. Action of enzyme preparations on cis-aconitic acid. Each vessel con- 
tained 1.6 ml. of 0.2 Mm phosphate buffer, pH 5.6, and 1 ml. of extract. c7s-Aconitic 
acid solutions (0.4 ml.) were added from the side arm as follows: Curve A (@), 6.6 
umoles; Curve B (QO), 13.2 umoles. After 90 minutes incubation at 37°, the depro- 
teinized solutions (sulfuric acid) were processed as described in the text. The 
yields of itaconic acid, corrected for the amount originally present in the enzyme 
solution, were as follows: Curve A, 5.4 wmoles (total CO. = 5.3 wmoles); Curve B, 
10.7 wmoles (total CO. = 9.8 wmoles). In the experiment of Curve B, remaining 
aconitic acid (mostly as the trans isomer) was also recovered from the column, and 
amounted to 1.1 wmoles. No COs was produced by enzyme solutions kept for 5 
minutes at 100°. 


TABLE 
pH-Dependence of CAD 


pH of reaction 
pH of buffer used solution before addition 


of substrate solution 10 minutes, wmoles 


pH of final reaction | COs: formed in Ist 


5.2* 5.5 5.7 | 2.0 
5.4* 5.6 5.9 | 3.4 
5.6 | 5.9 6.1 | 3.8 
5.8 | 6.0 | 6.2 | 3.8 
6.0 | 6.1 | 6.3 | 3.1 
6.2 6.3 | 6.4 : 2.2 
6.4 6.3 | 6.5 1.9 


| | 


* These were 0.2 M acetate buffers. In all the other cases, 0.2 m phosphate buffers 
were used. Each reaction vessel contained 1 ml. of CAD preparation and 1.6 ml. of 
0.2 m buffer of the indicated pH in the first column; 0.4 ml. of sodium cis-aconitate 
solution (12.4 wmoles) was added from the side arm. 
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The solutions were most active in the decarboxylation of all three sub- 
strates when 4 or 5 day-old mycelial pads were used for enzyme extraction. 


uMOLE CO, 
nw N @ 


1 l 1 


l 
20 40 60 80 100 120 
MINUTES 
Fic. 2. Action of enzyme preparations on isocitric and citric acids. Each vessel 
contained 1.6 ml. of 0.2 m phosphate buffer, pH 5.6, 1 ml. of extract, and 0.4 ml. of 
substrate solutions. cis-Aconitate, O; d-isocitrate, A; dl-isocitrate, 4; citrate, @. 
The amounts of substrate added and the yield of CO, obtained in 2 hours were, re- 
spectively, d-isocitric acid, 13.4 and 8.67 umoles; citric acid, 12.9 and 5.84 umoles; 
dl-isocitric acid, 26.2 and 3.04 uwmoles; cis-aconitic acid, 12.8 and 7.95 umoles. 


TABLE II 


Comparison of Itaconic Acid Level in Culture Medium and 
Properties of CAD Preparations 


| 
COs, in Ist 20 minutes, per 


| Culture medium ! Enzyme solution | mg. of protein, pmoles 
Day No. = — 
pat | | Dyceliam | par | Taconic | protein | |, citric aci 
mg. per ml. gm. 
3 1.9 0.5 0.310 | 6.5) 0.2 2.04 Q.28 0.07 0.11 
4 1.95 2.0 0.576 6.5 0.5 3.78 1.16 0.56 0.26 
5 2.0 6.7 0.787 6.6) 0.6 4.15 1.29 0.64 0.25 
6 2.0 20.0 1.185 | 6.3) 0.6 3.96 1.23 0.60 0.22 
7 2.0 29.0 | 1.315 6.5 0.7 5.56 0.86 0.50 0.17 


Three cultures were used each day from a large batch inoculated at the same time. 
The pH and itaconic acid values for the culture medium are average values from 
determinations on all three flasks. One mycelium was used for the dry weight de- 
termination. The other two were ground with 20 ml. of phosphate buffer, pH 6.5, 
under the standard conditions. ‘The enzyme activities were determined as described 
in the text. 


This highest activity is therefore obtained about 1 to 1.5 days in advance 
of the peak yield of itaconic acid, as shown by the results of a typical ex- 
periment (Table IT). 


| 
n- 
ic 
.6 
1e 
1d 
5 


708 BIOSYNTHESIS OF ITACONIC ACID. III 


The decarboxylation of citric and d-isocitric acids was regarded as pre- 
sumptive evidence for the presence of aconitase in the preparations. Fur- 
ther evidence for this assumption was the competitive inhibition of citrate 
decarboxylation in presence of fluorocitrate (see Fig. 3). This reaction was 
not affected by fluoroacetate, and both fluoroacetate and fluorocitrate did 
not inhibit the decarboxylation of czs-aconitic acid. Fluorocitrate was 
apparently somewhat less active as an inhibitor of aconitase in this system 
than with pig heart aconitase; the dissociation constant of aconitase-fluoro- 


1 


0.5 1.0 


Fic. 3. Fluorocitrate inhibition of aconitase. Each vessel contained 1.6 ml. of 
0.2 m phosphate buffer, pH 5.6, and 1 ml. of extract. Experiments were carried out at 
three citrate levels (3, 6, and 9 wmoles added from side arms in volumes of 0.2 ml.) 
with fluorocitrate concentrations of 0.3 and 0.6 wmole (added from side arms in vol- 
umes of 0.2 ml.) along with uninhibited vessels. The final volume in each case was 
3.0 ml. For each graph the initial maximal velocity, V, is expressed as microliters 
of COs per minute, and was determined graphically. Fluorocitrate concentrations, 
IT, and substrate concentrations, S, are expressed as micromoles per ml. For the 
1/V against J graph, the substrate levels are indicated as follows: 1 wmole per ml., 
O; 2 umoles per ml., A; 3 wmoles per ml., @. For the 1/V against 1/S graph the 
inhibitor levels are indicated as follows: no inhibitor, @; 0.1 wmole per ml., A; 0.2 
umole per ml., O. 


citrate was calculated to be 3.6 K 10~-° m (with citrate as a substrate) for 
the CAD-aconitase system. Morrison and Peters (12) reported a value 
of 1.2 X 10-5 Mm with pig heart aconitase. The difference may lie in the 
fact that their work was carried out at pH 7.7, as opposed to pH 5.9 used 
in the aconitase-CAD system. 

The rate of decarboxylation of dl-isocitrate was very low (see Fig. 2); 
this was found to be due to a competitive inhibition of aconitase by J-iso- 
citrate (Fig. 4). dl-Alloisocitrate was not a substrate for the CAD-aconi- 
tase system, and did not inhibit the decarboxylation of cis-aconitate, 
citrate, or d-isocitrate. frans-Aconitic acid was found to be slightly in- 
hibitory in the decarboxylation of citric acid, 

The decarboxylation of cis-aconitic acid was considerably inhibited by 


2 
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heavy metals (see Table III) but was unaffected by addition of Mgt* or 


0.05 


0.025- 


L 
7S 0.075 0.150 


Fic. 4. Competitive inhibition of aconitase by l-isocitrate. Each vessel contained 
1.6 ml. of 0.2 Mm phosphate buffer, pH 5.6, and 1 ml. of CAD preparation. Mixtures 
of dl- and d-isocitric acids, expressed in micromoles, were added from side arms for 
the inhibited flasks (@) as follows: dl, 13.2 + d, 0.0; dl, 13.2 + d, 3.3; dl, 13.2 + d, 
6.6. Uninhibited flasks (O) contained only d-isocitric acid, as follows: 6.6; 9.9; 
13.2. The total volume in the vessels was adjusted with water, whenever neces- 
sary, to 3 ml. Substrate concentrations, S, are expressed as micromoles of d-iso- 
citric acid per 3 ml. Initial maximal velocity, V, is expressed as microliters of COs 
formed in the first 20 minutes of the reaction. 


TABLE IIT 
Effect of Metals on CAD Activity 


Metal Final concentration | ee Per cent inhibition 
M 

1.60 | 0 
Fet 10-3 1.07 | 33 
p-Chloromercuribenzoate 10°° 0.95 | 4] 
Znt 0.38 | 76 
Cut 10-4 0.00 | 100 
Hgt | 10-4 0.00 | 100 


Kach vessel contained 1 ml. of CAD solution (prepared by grinding mycelia with 
0.2 mM acetate buffer, pH 6.5), 1.3 ml. 0.2 mM acetate buffer, pH 5.6, and inhibitor solu- 
tion, 0.3 ml. Sodium cis-aconitate, 12.5 wmoles in 0.4 ml., was added from the side 
arm, 


Mechanism of Action of Mold Aconitase—The loss of the acetate carboxyl 
of citrate (13) and the incorporation of the complete carbon skeleton of 
succinic acid (2) during itaconic acid formation by whole cultures are not 
to be expected if itaconic acid is formed, as shown below, by loss of C; of 
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cis-aconitic acid. It was therefore of importance to study the decarboxyla- 


2 CH.-COOH 2 CH-COOH 1 5 CH. 
‘AD 
3 C(OH)-COOH 6 3¢.coons —AP. 
| | 
4 CHe.-COOH 5 1 CHe-COOH 5 3 CHe- COOH 4 


tion of asymmetrically labeled citric acid by the aconitase-CAD prepara- 
tions. For these experiments, relatively large amounts of substrate (e.g. 
100 to 150 mg. of sodium citrate) and enzyme solution (e.g., 15 to 20 ml.) 
were allowed to react in 125 ml. Warburg vessels, fitted with a rubber 
stopper carrying inlet and outlet tubes. The vessel was swept through 
with a stream of CO+.-free nitrogen, and COz in the effluent was absorbed 


TABLE IV 


Decarbozylation of Asymmetrically Labeled Citrate 
by Aconitase-CAD Preparation 


BaCO; | Sodium itaconate 


| 
uc. per mmole fadioactivity per mmole Per 
231x107 | 3.4 0.69 103 
Calculated for loss of C; of citric | | 
acid (0.67 wc. per mmole)........ 2.02 X 107? 3.0 | 0.65 | 97 


Conditions as described in text. 


either in barium hydroxide or carbonate-free sodium hydroxide solutions. 
Barium carbonate samples were used for determinations of radioactivity. 
The reaction shown below was carried out with 1 ,6-C3“-citric acid; the 


(3) 2 CH,-COOH 1 (52) 


it 
(0) 3 C(OH)- COOH 6 (42) te > CQO, + itaconic acid 


(0) 4 CH.-COOH 5 (3) 


figures in parentheses in the citric acid formula show the percentage of 
total radioactivity in each carbon atom as determined by Dr. S. F. Carson. 
Preliminary experiments showed that CO2 formed from the citric acid was 
only slightly radioactive. This result was further confirmed by an experi- 
ment (see under “‘Experimental’’) in which the itaconic acid produced was 
isolated. As shown in Table IV, the CO:2 was again only slightly radio- 
active. After correction for the itaconic acid originally present in the 
enzyme solution, it was found that the enzymatically synthesized itaconic 
acid had almost the same specific radioactivity as the citric acid used. 


1e 
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Thus, the aconitase-CAD system removes C; of citric acid, confirming the 
earlier conclusion of Corzo and Tatum, who used intact cultures (13). 

One possible explanation for the observed result was that the mold aconi- 
tase dehydrated citric acid between C; and Cy. It was therefore necessary 
to compare the reaction mechanism of mold and ‘‘animal” aconitase. It 
was found that the addition of pig heart aconitase to the mold aconitase- 
CAD preparations led to a considerable increase in the rate of decarboxyla- 
tion of citrate. As shown in Fig. 5, a more than 2-fold increase in the rate 


uMOLE CO» 


5 10 15 20 25 
MINUTES 

Fic. 5. Effect of added pig heart aconitase on CO, formation from citrate by 
enzyme extracts. Each vessel contained 1.4 ml. of 0.2 m phosphate buffer, pH 5.6, 
1 ml. of extract, and water, whenever necessary, to bring the final volume to 3 ml. 
Side arms contained the following substrates in 0.4 ml.: citrate (@), 50 uwmoles; 
citrate (O), 50 umoles, with the addition of 72 units of pig heart aconitase in 0.2 ml. 
These concentrations of citrate were used to approximate conditions in the large 
scale decarboxylations. For comparison, a control with cis-aconitate (A), 12.8 
umoles, is included. 


could be achieved. Therefore, if the two aconitases had different reaction 
mechanisms, decarboxylation of 1,6-C‘-citrie acid by CAD preparations 
fortified with pig heart aconitase would give carbon dioxide containing 
much more C" than in the case in which the CAD preparation was used 
alone. 

The results of several experiments (see Table V) show that there was 
ho significant increase in the radioactivity of carbon dioxide obtained from 
labeled citrate when ‘fortified’? preparations containing large amounts of 
pig heart aconitase were used. There was a slight increase after prelim- 
inary incubation of the labeled citric acid and pig heart aconitase for several 
hours (Table V, Experiment 4). The significance of this result will be 
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discussed later. It is clear from these experiments that the mechanism of 
action of the two aconitases is identical, and that an explanation of the 
observed isotope results was to be sought in the mechanism of action of 
CAD itself. 

Mechanism of Action of CAD—The above results provided evidence that 
the action of CAD was to remove the primary carboxy]! group of czs-aconitic 
acid (C;) rather than the secondary carboxyl! (C)). 


TABLE V 


Decarborylation of Asymmetrically Labeled Citrate by CAD 
Preparations; Effect of Added Pig Heart Aconitase 


| Specific radioactivity re 

units uc. per mmole uc. per mmole 

I | 0 0.67 10-2 3.4 

2 | 720 | 068 | sax | 3.5 

3a | 0 0.59 1.89 X 10°? | 3.2 

3b | 720 0.59 2.06 X 102 3.5 

| 1800 | 0.62 3.11 X10 5.0 


These large scale decarboxylations were carried out with 15 to 20 ml. of CAD 
preparation and an equal volume of 0.2 mM phosphate buffer, pH 5.6. The amount 
of asymmetrically labeled sodium citrate used varied from 60 to 160 mg. in from 2 
to 3 ml. of water. The pig heart aconitase solution contained 360 units per ml.; 1 
unit is the amount of enzyme forming 1.0 umole of citrate from cis-aconitate in 15 
minutes at 37°. Ixperiments 3a and b were carried out at the same time with the 
same CAD preparation. In Experiment 4, the citrate was previously incubated 
with 720 units of aconitase for 75 minutes at 37°; 360 units of aconitase were added, 
and the mixture was incubated for an additional 105 minutes. In addition, 720 units 
of aconitase were added to the solution prior to decarboxylation. 


To confirm this possibility, decarboxylation of 5,6-C3‘-d-isocitrie acid by 
the mold aconitase-CAD preparations was studied. In this case, there is 
presumably no ambiguity as to the point at which dehydration under the 
influence of aconitase takes place. The reactions shown below indicate 
that loss of C; from cis-aconitie acid would yield labeled COz. 


2 CH(OH)-COOH 1 


Aconitase 


3 CH-CFOOH 6 


4 CH.-C*OOH 5 


2 CH-COOTT 1 3 CHe-COOT 4 

CAD | | 
6 ———» 1] + C*O, 
4 CH,-C*OOH 5 5 CH, 


XUM 


dio- 
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It was found that, in fact, more than 80 per cent of the evolved COz2 was 
derived from Cs, of isocitric acid (see under ‘“Experimental’’). This ob- 
servation therefore confirms the previous conclusion made from the ex- 
periments with labeled citric acid. 

The mechanism of the decarboxylation was studied in more detail by 
reaction of czs-aconitic acid with CAD in D.O solution. Reaction mecha- 
nisms | and 2 were considered the most likely possibilities. Mechanism 1 
is the same as that considered, but rejected, by Barton and Brooks (14) 
for the thermal decarboxylation of morolic acid. 


CH-COOH CHD-COOH CHD-COOH 
| 
C-COOH *C-COOH — C-COOH + CO. + 
| 
O CH, 
CH.-COOH CH.—C—O—H 
(1) (ID) 
Reaction Mechanism 1 
CH-COOH CH-COOH CH-COOH 
| 
C-COOH — C-COOH —-> C-COOH — 
| | | 
(IIT) (IV) 
-~CH-COOH CHD-COoOTL 


C-COOH —— > C-COOH 


CH), .23Do.66 CH) .33Do.66 
(V) (VI 


Reaction Mechanism 2 


CH-COOH CHD 
C-COOH — C-COoH 


| | 
CH:-COOH CH;-COOH 
(VID) 


Reaction Mechanism 3 


Addition of a deuteron yields the carbonium ion (I) and subsequently 
the indicated electron shifts lead to itaconie acid (II). All of the non- 
carboxyl hydrogens of cis-aconitic avid are retained in the itaconic acid, 
which should then contain 1 atom of D per molecule. In the second case, 
Reaction mechanism 2, cis-aconitic acid loses carbon dioxide with forma- 
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tion of citraconic acid (III); in this step, 1 atom of D would be introduced 
from the solvent. By loss of a proton, Structure III would yield the anion 
(IV); since the grouping C—CH.D is not asymmetric, there will be a one 
out of three chance of removing D rather than H in this reaction, so that, 
as shown, Structure IV will contain 0.66 atom of D per molecule. Struc- 
ture [V will yield itaconic acid (VI) by electron shift to give the anion (V) 
and addition of a deuteron as shown. Structure VI will finally contain 
1.66 atoms of D per molecule. It should be noted that both of these mech- 
anisms lead to removal of Cs of cis-aconitic acid. Removal of C; (which 
according to earlier evidence is very unlikely) would give itaconic acid 
(VII) containing 1 atom of D per molecule, located exclusively in the 
methylene group (Reaction mechanism 3). 

When the experiment was carried out (see under ‘“‘Experimental’’), it was 
found that slightly more than 1 atom (1.19) of D had been incorporated 
per molecule of newly synthesized itaconic acid. This result agrees well 
with that expected according to Reaction mechanism 1 or 3. In order to 
rule out the loss of C;, the itaconic acid was degraded to allow location of 
the D to be determined. The degradation used is shown below; it involved 
the reduction of itaconic acid to methylsuccinic acid, followed by oxidation 
of the latter by the Kuhn-Roth method to acetic acid. This oxidation is 
specific for the branched methyl group, and microanalysis of authentic 


5 CHa CH; 5 CH; 
| 
reduction oxidation 
3 CHe-COOH 4 CH.-COOH 


methylsuccinic acid by this procedure (Dr. C. Tiedcke) gave the expected 
result of 1.02 methyl groups per molecule. In our hands, on a larger pre- 
parative scale, yields of up to 80 per cent of the theoretical yield of acetic 
acid were obtained in 2 hours oxidation. It was calculated that the acetic 
acid contained 11.3 per cent of the deuterium contained in the methy]- 
succinic acid. The calculated amounts for the respective mechanisms are 
as follows: Reaction mechanism 1, 0; Reaction mechanism 2, 40; Reaction 
mechanism 3, 100 per cent. 

It is apparent that the itaconic acid has been formed by Reaction mech- 
anism 1, or a variant thereof. The slight excess of D found in itaconic 
acid above that required by theory may have resulted from D exchange 
in the 3-carbon prototropic system, either at the czs-aconitic or at the itaco- 
nic acid stage. A similar explanation is also believed to account for the 
slight increase in radioactivity of carbon dioxide, observed on prolonged 
preincubation of asymmetrically labeled citrate with aconitase. 
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DISCUSSION 


Methylene groups occur frequently in the structures of natural products, 
and the isolation of CAD preparations has provided the first experimentally 
verified mechanism for the synthesis of this group. The formation of 
itaconic acid from the three substrates, czs-aconitic, citric, and d-isocitric 
acids, is further evidence that the biosynthesis of itaconic acid involves 
citric and cis-aconitic acids, as originally suggested by Kinoshita (15); 
Kinoshita’s hypothesis is confirmed in principle, but not in detail. 

The aconitase in our preparations closely resembles animal aconitase; 
the reaction mechanism has been shown to be identical, and the aconitase 
is inhibited competitively by fluorocitric acid, feebly by trans-aconitic acid, 
and not at all by dl-alloisocitric acid. Our experiments also show that 
decarboxylation of d-isocitric acid is inhibited by J[-isocitric acid; it is ap- 
parent that the inhibition of aconitase by dl-isocitric acid, reported by 
Tomizawa (16), is due to the / isomer. 

The study of the reaction mechanisms of the aconitase and CAD com- 
ponents of our preparations has made possible a clarification of the earlier 
isotope results. The loss of C; of citric acid was at first unexpected. The 
findings reported here show clearly that the mold aconitase removes water 
from citric acid between C2 and C; and that CAD removes C; of cis-aconitic 
acid. As one example, the observed incorporation of the complete carbon 
skeleton of succinic acid into itaconic acid may be considered. This re- 
sult, previously difficult to account for, is due to the reactions shown below. 


C*H:-C°OOH C*H,-C°OOH C*H,:C°OOH 
| | 
C*H:-C°OOH — C*tO-C°OOH — C*(OH)-C°OOH 


| 
+r CH,COOH 
CH;-COOH 


C*H-C°OOH C*H:-C°00H 
| 

C*-C°0OH — C*-C°00H 
| 


CH2-COOH 


(C* = methyl-labeled succinate; C° = carboxyl-labeled succinate) 


The observed loss of Cs of cis-aconitic acid seems to be an extension of 
the fact that the chemical decarboxylation of an acid containing a 6,y7- 
ethylene bond is easier than that of the isomeric acid with an a,6-ethylene 
bond (14, 17-19). Further, the decarboxylation of a,8-unsaturated 
acids probably must proceed through the initial formation of the 8,y com- 
pound. In cits-aconitic acid, both structures are available and the enzyma- 
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tic removal of the C,; carboxy] is therefore in keeping with its anticipated 
chemical instability. An interesting analogy, depending on a ‘‘chemical”’ 
rather than on isotopic labeling, is the formation of vy ,y-dimethylitaconic 
acid on heating a ,a-dimethylaconitic acid in aqueous solution at 180° (20), 
The structure of the latter compound is proved by oxidation with alkaline 
permanganate to dimethylmalonic acid and oxalic acid. This reaction 
probably proceeds in the same way as suggested for the enzymatic decar- 
boxylation shown below. 


CH-COOH CH.-COOH CH,-COOH 
| 
C-COOH : > *C-COOH — C-COOH 
| | | 
(CH;)2C-COOH (CH;)2:C-COOH C(CHs3)2 
a,a-Dimethylaconitic y,y-Dimethylitaconic 
acid acid 


The proposed Reaction mechanism 1 is preferred to another possibility 
which has been shown to take place in thermal decarboxylations (21). 
This mechanism, Sel, would involve initial formation of an anion by the 
reaction R-COO- — R- + COsc. However, in aqueous solution, at pH 
5.9 the initial addition of a proton seems more likely. <A possible variant 
of Reaction mechanism 1 would be the formation of a cyclic intermediate 
with an intramolecular reaction mechanism (14, 17). Here, the proton is 
derived from the carboxy] group at Cs. As indicated below, the immediate 
exchange of the carboxyl H for D would still lead to the observed result. 
The possibility of distinguishing this variant from Reaction mechanism 1 
seems unlikely. 


COOH COOH 


EXPERIMENTAL 


Decarboxylation of 1,6-C}‘-Citric Acid—The flask contained 20 ml. of 
0.2 m phosphate buffer, pH 5.6, and 20 ml. of CAD preparation (under 
standard conditions, | ml. formed 12.5 ymoles of COs from citrate in 140 
minutes). Trisodium citrate dihydrate (61.76 mg. in 2 ml. of water; 0.67 
ue. per mmole) was added and the mixture incubated at 37°. During the 
Ist hour, there were obtained 36.7 mg. of BaCQOs, and in a further 75 min- 


| | 
CH——C 
D ( CH: 
O——C 
QO 
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ute period, 9.97 mg. The solution was denatured by the addition of 1 ml. 
of 100 per cent sulfuric acid, was filtered, and made up to 50 ml. Itaconic 
acid analysis on an aliquot showed that the final solution contained a 
total of 40.5 mg. The itaconic acid added in the enzyme solution 
amounted to 13.5 mg. The bulk of the denatured solution was ether- 
extracted continuously, and the crude itaconic acid was purified by chro- 
matography. ‘The specific radioactivity of sodium itaconate obtained by 
evaporation of the appropriate fractions was 0.46 ue. per mmole. Hence 
the specific radioactivity of the enzymatically synthesized itaconic acid 
was 0.69 ue. per mmole. 

Preparation of 5,6-C3"-d-Isocitric Acid—2 ml. of isocitritase solution 
containing 100 units (22) were added to 200 umoles of magnesium chloride 
and 150 umoles of L-cysteine in 5 ml. of 0.2 m tris(hydroxymethyl)amino- 
methane (Tris) buffer, pH 7.6, and the solution was incubated for 5 min- 
utes at 30°. <A solution of sodium succinate, pH 7.6, 2 ml., prepared from 
1-C4-succinic acid (11.74 mg., 22.2 uc.) was added. After incubation for 
an additional 3 minutes, sodium glyoxylate (9.91 mg.) in water (2 ml., ad- 
justed to pH 7.6) and sodium d-isocitrate (prepared from the lactone, 20.28 
mg.) were added in 60 ml. of 0.2 m Tris buffer, pH 7.6. The mixture was 
incubated for 45 minutes at 30° under nitrogen. <A further quantity of 
sodium d-isocitrate (from 50.4 mg. of lactone) was added, followed by 12 
ml. of N NaOH. ‘The solution was filtered and evaporated to dryness. 
The dried residue was extracted with 5 X 40 ml. portions of boiling ethanol 
to remove Tris buffer (base). The residue was dissolved in a minimal 
volume of water (2 ml.) for partition chromatography as previously de- 
scribed by using a column of 18 gm. of Celite. Elution with 250 ml. of 
chloroform-10 per cent n-butanol removed succinic acid from the column. 
The solvent was then changed to chloroform-50 per cent n-butanol and 
isocitric acid was removed, typically in a large number of fractions. These 
fractions were titrated with alkali, combined, and evaporated to dryness. 
The residue was converted to d-isocitric lactone by standard methods (23) 
and was finally recrystallized from ethyl acetate after addition of a further 
quantity (100 mg.) of carrier d-isocitric lactone. 

Action of CAD on 5,6-C3*-d-Isocitric Acid—The labeled d-isocitric lac- 
tone (80 mg., 6.6 X 10-? ue. per mmole) was treated with 3.4 ml. of 0.4 
M NaOH for 20 minutes on the steam bath; the solution was transferred 
to the side arm of a 125 ml. Warburg flask, equipped as described previously. 
The main compartment contained 0.2 mM phosphate buffer, pH 5.6 (25 ml.), 
and a CAD preparation, 15 ml. (in 60 minutes, 1 ml. of this solution formed 
7.1 umoles of carbon dioxide from 14.3 umoles of d-isocitric acid under the 
standard test conditions). The substrate and enzyme solution was mixed 
and incubated at 37°. BaCO,; isolated from the effluent Nz stream over 
the Ist hour amounted to 52.3 mg. A second yield of 21.1 mg. of BaCO; 
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was obtained over a further 30 minute period. Total yield, 0.37 mmole, 
equivalent to decarboxylation of 80 per cent of the added substrate. The 
specific radioactivity of the two samples of BaCQOs; was identical; 2.7 xX 
10-7 we. per mmole. Assuming that all of the carbon dioxide formed was 
derived from C;, the theoretical specific radioactivity in the BaCO; would 
be 0.5 X 6.6 XK 10°? ue. per mmole = 3.3 uc. per mmole. It follows, there- 
fore, that in the actual experiment 82 per cent of the carbon dioxide was 
derived from C; of isocitric acid. 

Action of CAD on cis-Aconitic Acid in DxO—20 ml. of 0.2 m phosphate 
buffer, pH 6.5, were evaporated to dryness in a stream of air, dried thor- 
oughly, and the residue was then redissolved in 20 ml. of 99.9 per cent D.O. 
This buffer solution was used to grind up the mycelia from four 4 day-old 
cultures, which were blotted as dry as possible with filter paper before 
grinding. After centrifuging, 17.5 ml. of CAD solution were obtained. 
Itaconic acid content of this solution, 0.82 mg. per ml. 100 mg. of cis- 
aconitic anhydride were dissolved in 1 ml. of ice-cold D2O and treated with 
an ice-cold solution of NaOD prepared by evaporating 10 ml. of 0.2 m 
NaOH to dryness, followed by resolution in 5 ml. of DeO. The pH of the 
final aconitate solution was 7.0. 20 ml. of 0.2 m phosphate buffer, pH 5.6 
(evaporated to dryness and redissolved in D2O) were mixed with 15 ml. of 
the CAD preparation and 5 ml. of the cis-aconitic acid solution. The 
mixture was incubated for 90 minutes at 37°. After cooling to 0°, 0.5 ml. 
of 100 per cent sulfuric acid (at —5°) was added. 1 ml. of the solution 
was removed and diluted to 10 ml. for itaconic acid analysis; the incubation 
solution was found to contain 1.48 mg. of itaconic acid per ml. 

The rest of the incubation solution was extracted continuously with 
ether for 60 hours, 3 X 100 ml. portions of ether being used. The crude 
itaconic acid obtained on evaporation of the ether was chromatographed 
on a large Celite column (25 gm.). With use of chloroform-10 per cent 
n-butanol as eluent, 6.5 ml. fractions were collected; the itaconic acid was 
located in Fractions 8 to 19. These combined fractions were evaporated 
to dryness, and the itaconic acid was washed out with petroleum ether 
(b.p., 30-60°) to yield a slightly tan-colored solid, m.p., 159-161°. The 
solid was dissolved in a little water, treated with charcoal, and evaporated 
to dryness after filtration. The residue was recrystallized from ethanol- 
petroleum ether (b.p., 30-60°) and had a melting point of 162°. This 
material showed only one spot after paper chromatography in a mixture 
of ether-toluene-formic acid (120:50:30), saturated with water (24). 

6.10 mg. of the pure itaconic acid, plus 312.83 mg. of carrier itaconic 
acid, were dissolved in 20 ml. of water. 2 ml. of the solution were used 
for preparation of the disilver salt of itaconic acid. This silver salt con- 
tained 0.432 atom per cent excess D, equivalent to 0.287 atom per cent 
excess D in the itaconic acid itself. 


XUM 
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The rest of the solution was converted to methylsuccinic acid by treat- 
ment with palladium catalyst and hydrogen, until hydrogen uptake was 
complete. The filtered solution was evaporated to dryness in vacuo, and 
the crystalline residue was recrystallized from a little ether on addition of 
petroleum ether (b.p., 30-60°). The yield of methylsuccinic acid was 205 
mg.; m.p., 109°. This material contained 0.228 atom per cent excess D. 

The above methylsuccinic acid, 49.2 mg., was refluxed with chromic- 
sulfuric acid (7 ml.) essentially under the conditions described by Kuhn 
and Roth (25). Acetic acid was distilled from the reaction mixture, seven 
10 ml. distillates being collected. The fractions were titrated with 0.01 
x NaOH, the total titer being 23.6 ml. (64 per cent recovery of acetic acid). 
The combined titrated distillates were evaporated to dryness, and the 
residue of sodium acetate was redissolved in 1 ml. of water. The solution 
was cooled in ice and acidified with 1 drop of 50 per cent sulfuric acid. The 
acetic acid was distilled in a closed system and converted to silver acetate 
as described by Bentley (26). The silver acetate contained 0.069 atom per 
cent excess D. 

Calculation—Since the final incubation solution contained 60.00 mg. of 
itaconic acid, and since 12.3 mg. were added in the enzyme solution, 47.7 
mg. of enzymatically formed itaconic acid were diluted to 60.00 mg., 7.e. 
a dilution factor of 1.25. Therefore, if 1 atom of D was introduced per 
molecule of itaconic acid, the atom per cent excess D in the isolated ita- 
conic acid would be 94.5/6 XK 1.25 = 12.6. (The atom per cent excess D in 
the incubation solution was 94.5, this value allowing for water introduced 
from the mycelia during preparation of the enzyme solution.) Hence, 
atom per cent excess D in the diluted itaconic acid (6.10 mg. to 318.93 mg.) 
would be 12.6/52.28 = 0.241. Therefore, the number of atoms of D per 
molecule of itaconic acid = 0.287/0.241 = 1.19. 

Since atom per cent excess D in methylsuccinic acid = 0.228, therefore 
the number of atoms of excess D per molecule = 8 X 0.228/100 = 0.01824. 
Similarly, the number of atoms of excess D per molecule of silver acetate = 
3 X 0.069/100 = 0.00207. Hence, per cent D from methylsuccinic acid 
in acetic acid = 0.00207 XK 100/0.01824 = 11.3. 


SUMMARY 


Cell-free extracts containing aconitase and cis-aconitic decarboxylase 
have been obtained from surface mycelia of Aspergillus terreus. The ex- 
tracts form itaconic acid and CO2 most rapidly from cis-aconitic acid, and 
at progressively lower rates from d-isocitric and citric acids; the decarbox- 
ylation takes place most readily at pH 5.9. It has not been possible to 
show a cofactor requirement for CAD. CAD is inhibited by heavy metals. 
The aconitase component is inhibited competitively by fluorocitric and 
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l-isocitric acids, slightly by trans-aconitic, and not at all by dl-alloisocitric 
acid. 

The action of the mold aconitase is the sume as that of ‘‘animal” aconi- 
tase, forming the double bond of cis-aconitic acid between Ce. and C3; of 
citric acid. ‘he action of CAD is to remove Cs; of cis-aconitic acid. The 
decarboxylation is therefore that of a 6,y-unsaturated acid, and is in line 
with the known chemical instability of such acids in decarboxylation, with 
respect to the a,@ isomers. This mechanism accounts for all of the known 
C* distribution patterns in itaconic acid synthesized in presence of labeled 
substrates. ‘The location of D in itaconic acid formed by the action of 
cis-aconitic decarboxylase on cis-aconitic acid in D.O suggests that the 
reaction mechanism is addition of a proton to form a carbonium ion inter- 
mediate. Electron shifts then lead to itaconic acid, CO», and a proton. 
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Present information on the metabolism of mucopolysaccharides is con- 
fined primarily to hyaluronic acid, chondroitinsulfuric acid, and some of 
the blood group substances, although little is known concerning the bio- 
synthesis and metabolic transformations of heparin. Heparin is a poly- 
saccharide composed of glucuronic acid, glucosamine, and sulfate ester 
groups (1) and is present in the liver, lung, and a number of other tissues 
of various animal species (2, 3). The most widely known property of 
heparin is its activity as a blood anticoagulant (4). However, in addition 
to this, it appears to be important in lipide transport and metabolism (5); 
it has activity toward certain strains of bacteria (6) and is an inhibitor of 
ribonuclease (7). | 

In order to investigate the processes involved in some of these actions, we 
have initiated a number of experiments to study the metabolism of heparin. 
The primary requirement for this work was heparin labeled with C™ and 
S**, Since purified radioactive compounds of this type have not been re- 
ported in the literature, investigations were carried out on the possibilities 
of making such preparations. The present paper is a report on the incor- 
poration in vivo of S** into heparin in dogs after treatment with Na2S**O, 
and on the procedure used for the isolation and purification of the radio- 
active heparin. 


Methods 


Dogs weighing 16 to 19 kilos were injected intraperitoneally with 12 ml. 
of an aqueous solution of Na2S**O, (10 mg.) containing 1.3 X 10° ¢.p.m. 
The animals were killed 26 hours afterward by a single injection of Nem- 
butal and the livers were extirpated and processed immediately. The 
heparin was isolated by the procedure of Charles and Scott (2) with modi- 
fications to preclude contamination of the final product by inorganic sulfate 
or other substances. 

Thus, subsequent to autolysis for 24 hours, | kilo of tissue combined 
from several dogs was extracted for 1 hour with 1.5 liters of 0.5 n NaOH 
and 180 ml. of saturated (NH4)2SO,4 at 50°, the extract was heated to 70° 
to coagulate the proteins, and the latter were removed from solution by 
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centrifugation. The supernatant fluid was acidified to pH 2 with H.SO, 
and the resulting precipitate was separated, washed with dilute acid, ex- 
tracted with ethanol, and dried. This procedure was followed by incuba- 
tion with trypsin (38°) at pH 8.4 for 2 days, acidification to pH 6, precipita- 
tion with 2 volumes of acetone, and drying. Further purification was 
effected by treatment with Lloyd’s reagent (8) and fractionation with 
ethanol (9); the fraction precipitated from 66 per cent ethanol was used. 
The material thus obtained was redissolved in 30 ml. of water and the 
solution was dialyzed against running water for 72 hours at 4°. The 
dialyzed extract was then passed through a column (30 cm. in length and 
1.2 cm. in diameter) of Dowex 2 anion exchange resin, 20 to 50 mesh. After 
the column was washed with 70 ml. of water, the combined solutions were 


concentrated to 10 ml. and the heparin was precipitated by being acidified — 


with acetic acid and addition of 2 volumes of ethanol. The solid was then 
purified by benzidine fractionation (8) and finally by conversion to the 
barium acid salt (1). Constant radioactivity was obtained after two 
crystallizations. 

For purposes of biological assay, the barium acid salt was converted to 
the sodium salt. This was accomplished by precipitation of the barium 
with ammonium carbonate, acidification of the filtrate with enough acetic 
acid to remove the carbonate, neutralization with NaOH, and precipita- 
tion of the sodium heparinate with 3 volumes of methanol. 

Anticoagulant assays were carried out according to the procedure of the 
United States Pharmacopeia (10). Measurements of radioactivity were 
made with a thin window gas flow counter on plates with infinitely thin 
samples, so that no absorption corrections were necessary. Sufficient 
counts were taken to reduce the counting error to no more than 5 per cent. 


Results 


The procedure outlined above gave 52 mg. of barium acid salt of heparin 
(dried over P2O;) per kilo of liver. Radioactivity measurement of this 
salt gave a value of 10,240 c.p.m. per mg. and anticoagulant assay showed 
it to contain 340 U.S. P. units per mg. It gave a negative biuret test and 
a positive toluidine-blue reaction. Other analytical data are Ba 26.69 
per cent, S 11.39 per cent, hexosamine 18.8 per cent, [a)?? +48°; neutraliza- 
tion equivalent (electrometric), 730. 

The sodium heparinate had 11,310 c.p.m. per mg. and was electro- 
phoretically homogeneous. It had an anticoagulant activity of 320 U.S. 
P. units per mg. Addition of protamine resulted in inhibition of this 
activity, as is expected for heparin. 

Experiments were also performed to determine conclusively whether this 
procedure excludes all possibility of contamination by inorganic tagged 
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sulfate. Na2S**O, (10 mg.) having 2.3 X 104 c.p.m. per mg. was added to 
a solution of 100 mg. of heparin (Lederle)! in 30 ml. of distilled water and 
the solution was dialyzed against running water for 3 days. This was 
followed by passage of the solution through the Dowex anion exchange resin 
similar to the heparin extraction procedure. It was found that dialysis by 
itself did not remove all the S**-sulfate contaminant from the heparin 
solution. However, complete purification was effected after passage 
through the resin. 


DISCUSSION 


The results show clearly that inorganic sulfate is incorporated into liver 
heparin. The rate of this uptake is being studied in our laboratory, and 
preliminary experiments have shown that, when NayS**O, is injected intra- 
peritoneally, maximal radioactivity is obtained after about 28 hours. The 
present experiments were, therefore, conducted accordingly. It is realized 
that the amount of heparin obtained does not represent a quantitative re- 
covery. The purpose of this investigation was the isolation of the purified 
compound rather than the exact measurement of the amount present. 

It has been shown that the animal organism cannot avail itself of ad- 
ministered sulfate sulfur for the synthesis of cystine (11). On the other 
hand, inorganic sulfate is incorporated into chondroitinsulfuric acid (12) 
and urinary ethereal sulfates (13). Results from autoradiographic experi- 
ments by Jorpes et al. (14) showed that exogenous sulfate is also taken 
up into mast cells. These workers inferred from this that the exchange of 
sulfate takes place in the heparin or heparin precursors in the mast cells. 
The results of the present study yield additional evidence to this suggestion ; 
2.e.. that exogenous sulfate is utilized zn vivo in the synthesis of heparin. 
In accordance with this and other studies in this field it might be antici- 
pated that this is a general rule for all sulfur-containing mucopolysac- 
charides. The mechanism for this incorporation may involve an ‘“‘active 
sulfur”? intermediate, as has been demonstrated in the synthesis of phenyl 
sulfate (15-17). However, this question will require further detailed 
study. 


SUMMARY 


Intraperitoneal administration of Na2S**O, into dogs results in an uptake 


of the labeled sulfate into the liver heparin. 


A method is described for the isolation of radioactive heparin of sufficient 
purity to permit metabolic studies. 


1 We are grateful to Dr. Stanton M. Hardy of the Lederle Laboratories Division, 
American Cyanamid Company, for a generous supply of heparin. 
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METABOLISM OF 21-DEOXYHYDROCORTISONE-4-C" IN MAN; 
17-DEHYDROXYLATION, AN ARTIFACT* 


By DAVID K. FUKUSHIMA anp T. F. GALLAGHER 


(From the Sloan-Kettering Institute for Cancer Research, Sloan-Kettering Division, 
Cornell University Medical College, New York, New York) 


(Received for publication, November 19, 1956) 


It has been claimed that 17-dehydroxylation was a pathway in the 
metabolism of 21-deoxyhydrocortisone and 17a-hydroxyprogesterone in 
man (1, 2). Such 17-dehydroxylation of corticoids in vivo without altera- 
tion in carbon skeleton appeared unlikely as a biochemical reaction, but 
from a consideration of chemical mechanisms there was a strong probabil- 
ity that the 17-deoxy metabolites were artifacts of hydrolysis. Since 17a,- 
20a-dihydroxysteroids are the chief urinary metabolites expected after 
administration of the compounds (3, 4) studied, we postulated that the 
17-deoxy 20-ketosteroids isolated in the studies mentioned were formed 
from the 17a ,20a-glycols by a pinacol-pinacolone rearrangement during the 
acid treatment employed for the hydrolysis of the urinary conjugates. 

This rearrangement of 17a,20-dihydroxysteroids may be depicted to pro- 
ceed by the initial attack of the proton on the tertiary hydroxy] group at 
C-17 followed by the shifts shown in Scheme | (5). 


ain 
H—C-—OH H—-C—OH 


CH3 
£OH 
ScHEME 1 


It was indeed found in the present investigation that allopregnane- 
38,17a,20a-triol and its 208 epimer upon reflux with 1 N hydrochloric 
acid in 50 per cent aqueous ethanol were converted to 38-hydroxyallopreg- 

* This investigation was supported in part by a grant from the American Cancer 


Society and a research grant (No. C-440) from the National Cancer Institute of the 
National Institutes of Health, United States Public Health Service. 
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nane-20-one in yields of 13 and 38 per cent, respectively. In both in- 
stances, a number of other unidentified products were obtained, and in 
neither example was any of the starting allopregnanetriol recovered. 
Tracer studies! with 21-deoxyhydrocortisone-4-C" have now afforded 
unambiguous evidence that 17-dehydroxylation of urinary steroid metabo- 
lites is an artifact brought about by acid hydrolysis and that products of 
this reaction are not found when £8-glucuronidase hydrolysis is employed. 


EXPERIMENTAL” 


Rearrangement of Allopregnane-38 ,17a,20B-triol (Reichstein’s Substance 
J)—200 mg. of allopregnane-38 , 17a ,206-triol were dissolved in 100 ml. of 
ethanol and 100 ml. of 2 n hydrochloric acid. The solution was refluxed 
for 4 hours. The reaction mixture was made slightly alkaline with sodium 
hydroxide solution and extracted with ethyl acetate. The organic layer 
was washed with brine and dried, and the solvent was evaporated to give 
191 mg. of semicrystalline product. The residue was chromatographed on 
silica gel containing ethanol (100 gm. per 40 ml.); elution was achieved 
with ethanol in methylene chloride-petroleum ether (6). 

Elution with 1 per cent ethanol in petroleum ether-methylene chloride 
(3:1) yielded 81 mg. of unknown compound or compounds with infrared 
absorption bands indicative of the presence of hydroxyl and carbonyl 
groups. From the mechanism of the stereochemical course of the pinacol- 
pinacolone rearrangement (Scheme 1) the formation of p-homosteroids 
would be unexpected. Nevertheless, the infrared spectra of these eluates 
were compared with those of the known pb-homosteroids in this series. 
There appeared to be no evidence for the presence of such compounds. 
Elution with 1 per cent ethanol in petroleum ether-methylene chloride 
(1:1) afforded 77 mg. of crystalline material with an infrared spectrum 
identical with that of 36-hydroxyallopregnane-20-one. Recrystallization 
from ethyl acetate gave 59 mg. of the 20-ketosteroid, m.p. 190—193°; the 
melting point of a mixture with an authentic sample of 36-hydroxyallopreg- 


1 The labeled 21-deoxyhydrocortisone was obtained from the Endocrinology Study 
Section of the United States Public Health Service. 

2 All melting points are corrected. The radioactivity was measured in a window- 
less flow gas counter and the results are corrected to the “‘infinitely thin’’ range. 
The authors are grateful to their colleague, Dr. H. Leon Bradlow, for these measure- 
ments. 

3 Exploratory studies were made in order to find the optimal conditions for the 
pinacol-pinacolone rearrangement. The criteria employed were the quantitative 
Zimmermann ketosteroid determination for the formation of a ketone and paper 
chromatography for the absence of starting compound from the reaction mixture. 
The conditions described gave the highest Zimmermann value and complete disap- 
pearance of allopregnanetriol. 
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nane-20-one (m.p. 194—194.5°) was not depressed. A small amount of 
material was acetylated with pyridine and acetic anhydride, and the infra- 
red spectrum of the product was identical with that of 38-acetoxyallo- 
pregnane-20-one. 

More polar materials were eluted from the column but no recognized 
compound was found. No starting material was recovered. 

Rearrangement of Allopregnane-36 ,17a,20a-triol (Reichstein’s Substance 
0)—182 mg. of allopregnane-36 ,17a,20a-triol were refluxed for 4+ hours 
with 1 N hydrochloric acid in 50 per cent aqueous ethanol. The reaction 
mixture was processed as above to give 167 mg. of colorless oil, which was 
chromatographed as above. 

A small amount of compound which gave a positive Beilstein halogen 
test was eluted in the early fractions. Further elution yielded 43 mg. of 
material with an infrared spectrum similar to that of the unknown hydroxy- 
ketone obtained by the acid treatment of Substance J. 

25 mg. of oil with the infrared spectrum of 36-hydroxyallopregnane-20- 
one were then obtained. Recrystallization from ethyl acetate gave 12 mg. 
of compound, m.p. 190-194°, undepressed upon admixture with authentic 
38-hydroxyallopregnane-20-one. 

Further elutions gave a more polar material which was different from 
the polar substance obtained from the acid treatment of Substance J as 
evidenced by infrared spectrometry; none of the starting material was 
found. There was also no indication by infrared spectrometry for the 
formation of a p-homosteroid in the pinacol-pinacolone rearrangement of 
this allopregnanetriol. 

Radioactive Study—Approximately 3.5 mg. of 21-deoxyhydrocortisone- 
4-C™ containing a total of 970,000 ¢.p.m. in 130 ml. of 5 per cent glucose 
and 2 ml. of ethanol were administered intravenously to a human subject 
over a period of 30 minutes. The radioactivity excreted in the urine dur- 
ing the first 24 hours after the dose was 710,000 c.p.m. (73 per cent of ad- 
ministered dose). This urine was divided into two equal portions. One 
portion was treated with acid by the procedure of Jailer and coworkers (1) 
and the other portion was treated with beef liver 3-glucuronidase at pH 
5.0 for 5 days at 37°. : 

Acid Hydrolysis—The urine was acidified to 2 N with sulfuric acid and 
continuously extracted with ether for 24 hours. The neutral fraction ob- 
tained in the usual way contained 38,000 c.p.m. The extracted urine and 
the alkaline washes were combined, and 10 per cent (v/v) of concentrated 
hydrochloric acid was added. The acidified urine was boiled for 20 minutes 
and then continuously extracted for 48 hours. The neutral fraction from 
the boiled acidified urine contained 300,000 ¢.p.m. Both neutral fractions 
were combined and 39.8 mg. of non-radioactive 11-ketopregnane-3a, 17a, - 
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20a-triol and 40.1 mg. of carrier 3a-hydroxypregnane-11,20-dione were 
added. The solution after the additions of carrier was recounted’ and 
contained 320,000 ¢.p.m. This solution was separated by means. of 
Girard’s Reagent 'T into a ketonic fraction containing 183,000 ¢.p.m. and 
a non-ketonic fraction containing 128,000 c.p.m. 

The ketonic fraction was chromatographed on acid-washed alumina. 
Elution with ethyl acetate-benzene (1:3) afforded 21 mg. of crystalline 
3a-hydroxypregnane-11,20-dione, 1700 ¢.p.m. per mg. Recrystallization 
from acetone-petroleum ether and ethyl acetate-petroleum ether gave 16 
mg. of 3a-hydroxypregnane-11 ,20-dione, 1040 ¢.p.m. per mg. Recrystalli- 
zation from ethyl acetate gave 10 mg. of product, m.p. 234—235°, 990 ¢.p.m. 
per mg. ‘The steroid was then acetylated with acetic anhydride and pyri- 
dine at room temperature overnight. Recrystallization from petroleum 
ether gave 3a-acetoxypregnane-11,20-dione, m.p. 131—132.5°; 800 ¢.p.m. 
per mg. Subsequent recrystallizations from methanol gave specific activi- 
ties 750 and 800 c.p.m. per mg. The average specific activity of the ace- 
tate, 780 c.p.m. per mg., corresponded to 875 ¢.p.m. per mg. for the hy- 
droxydiketone. From the weight of carrier added and the average specific 
activity, it was calculated that there was a total of 35,000 ¢.p.m. present as 
3a-hydroxypregnane-11 ,20-dione or 11 per cent of the radioactivity in the 
neutral fraction. 

The non-ketonic fraction was chromatographed on a column of silica gel 
containing ethanol (30 gm. per 12 ml.) and eluted with ethanol-chloroform. 
8 per cent ethanol in chloroform eluted 34 mg. of 11-ketopregnane-3a, 17a,- 
20a-triol, 1850 c.p.m. per mg. A recrystallization from ethy] acetate gave 
28 mg. of trihydroxyketone, 1260 ¢.p.m. per mg. Recrystallization from 
ethyl acetate and then from acetone gave crystals, m.p. 194—194.5° with 
1250 c.p.m. per mg. Subsequent recrystallizations from acetone raised 
the specific activity to 1330 ¢.p.m. per mg. and 1320 c.p.m. per mg. ‘The 
remaining crystals and the mother liquor from the last three crystalliza- 
tions were combined and acetylated in the usual way. Recrystallization 
from methanol and from acetone gave 3a,20a-diacetoxy-17a-hydroxypreg- 
nane-11-one, m.p. 230—230.5°, 1100 ¢.p.m. per mg. Another recrystalliza- 
tion from methanol gave 1070 ¢c.p.m. per mg. The average specific activity 
of the diacetate, 1085 c.p.m. per mg., corresponds to 1320 ¢.p.m. per mg. 
for 11-ketopregnane-3a,17a,20a-triol. From the weight of carrier added 
and the average specific activity it was calculated that there was a total 


4’The slight discrepancy between the radioactivity of the neutral fraction before 
and after addition of carrier arises from the large dilution employed for counting in 
the ‘‘infinitely thin’? range, small mechanical losses in transfer, and the removal of 
small portions of extract for measurement of radioactivity. The radioactivity of 
the combined fraction has been employed for calculation. 
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of 53,000 ¢.p.m. present as 11-ketopregnane-3a,17a,20a-triol or 16.5 per 
cent of the radioactivity in the neutral fraction. 

Enzyme Hydrolysis—The urine was treated with 300 Fishman units of 
Ketodase® (beef liver 8-glucuronidase) per ml. for 5 days at 37° and pH 5 
in the presence of a small amount of Versene. The urine after enzyme 
treatment was acidified to pH 1 and was continuously extracted with 
ether for 48 hours. The neutral fraction, obtained in the usual way, con- 
tained 355,000 c.p.m. Although this represented essentially complete hy- 
drolysis of the conjugated metabolites, a check experiment was performed. 
The extracted urine and the alkaline wash were combined, acidified to 1 
n with sulfuric acid, and boiled for 30 minutes. Continuous ether extrac- 
tion for 48 hours, followed by separation of the ether extract in the usual 
manner, gave a neutral fraction containing an additional 5300 ¢.p.m.; this 
was discarded. 

The neutral fraction obtained directly after enzyme hydrolysis was di- 
luted with 40.3 mg. of carrier 11-ketopregnane-3a,17a,20a-triol and 40.2 
mg. of carrier 3a-hydroxypregnane-11,20-dione, and the solution was re- 
counted,‘ 328,000 c.p.m. The neutral steroids were then separated with 
Girard’s Reagent T into a ketonic fraction containing 98,000 c.p.m. and a 
non-ketonic fraction containing 202,000 c.p.m. 

The ketonic fraction was chromatographed on acid-washed alumina as 
above to give 20 mg. of crystalline 3a-hydroxypregnane-11 ,20-dione, 50 
c.p.m. per mg. Recrystallization from ethyl acetate-petroleum ether and 
from ethyl acetate gave the diolone, m.p. 234-235°, 9 and 7 ¢.p.m. per mg., 
respectively. The remaining crystals and the mother liquor from the last 
crystallization were combined and acetylated. Recrystallization from 
petroleum ether gave 3a-acetoxypregnane-11 ,20-dione, m.p. 131—133.5°, 4 
c.p.m. per mg. The radioactivity in this 20-ketosteroid represented less 
than 0.05 per cent of that contained in the neutral fraction. 

The non-ketonic fraction was chromatographed as’ previously described 
and 32 mg. of 11-ketopregnane-3a, 17a ,20a-triol, 3600 c.p.m. per mg., were 
obtained. Recrystallization from ethyl acetate and then from acetone 
gave 10 mg. of triolone, m.p. 192.5-194°, 3760 ¢.p.m. per mg. Subsequent 
recrystallization from acetone gave triolone, 3500 and 3490 ¢.p.m. per mg., 
respectively. The remaining crystals and the mother liquor from the last 
two erystallizations were combined and acetylated. Recrystallization 
from methanol and from acetone gave 3a,20a-diacetoxy-17a-hydroxy- 
pregnane-11l-one, m.p. 227.5-228.5°, 3240 ¢.p.m. per mg. Further recrys- 
tallization from methanol and from acetone gave diacetate, 3020 and 2980 

>The enzyme, 3-glucuronidase, used for hydrolysis was obtained from the Warner- 
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¢.p.m. per mg., respectively. The average specific activity of the last two 
crystallizations (3000 ¢.p.m. per mg.) for the diacetate corresponds to 
3660 ¢.p.m. per mg. for the triolone. From the weight of carrier added 
and the average specific activity of 3600 c.p.m. per mg. for the 11-keto- 
pregnane-3a,17a,20a-triol, it was calculated that there was a total of 
145,000 c.p.m. present as this compound or 44 per cent in the neutral frac- 
tion. 


RESULTS AND DISCUSSION 


When the model experiments with acid treatment of allopregnane- 
38,17a,20a-triol and its 208 epimer showed the anticipated result, 7.e. con- 
version to the 17-deoxy 20-ketosteroid, it was important to ascertain (1) 
whether the water-soluble, conjugated derivatives of structurally similar 
steroid hormone metabolites would undergo a similar rearrangement, (2) 
whether this was a transformation achieved metabolically or an artifact 
of isolation, or (3), if a chemical artifact was formed, how this change in 
structure could be avoided. The approach to a solution of these problems 
was made by the highly specific methods of employing a radioactive pre- 
cursor as a source of the metabolites and the use of a highly purified enzyme 
for hydrolysis of the conjugated end products. By these means, as de- 
scribed under “Experimental” (Fig. 1), it was shown that (1) a typical 
17a-hydroxy 20-ketosteroid, 21-deoxyhydrocortisone, was metabolized 
principally to 11-ketopregnane-3a,17a,20a-trione; (2) within experi- 
mental error, there was no biochemical transformation to a 20-ketoster- 
oid by loss of the 17a-hydroxyl group; (3) when acid hydrolysis was em- 
ployed for cleavage of the conjugated metabolites, a sensible proportion of 
11-ketopregnane-3a,17a,20a-trione was transformed to 3a-hydroxy- 
pregnane-11 ,20-dione as an artifact of the chemical isolation; (4) the en- 
zyme £$-glucuronidase was highly efficient for cleavage of the conjugated 
metabolites of 21-deoxyhydrocortisone. 

Examination of the distribution of radioactivity between the ketonic 
and non-ketonic fractions reveals clearly the different results achieved by 
enzymatic as compared with acid hydrolysis. These values are shown in 
Fig. 1. It is evident that there was much more radioactivity in the non- 
ketonic fraction when enzymatic hydrolysis was employed than after treat- 
ment of another portion of the same urine with boiling acid. Conversely, 
the radioactivity in the ketonic fraction was considerably increased with 
the use of acid treatment over that found when enzyme hydrolysis was 
employed. These findings were completely confirmed by isolation studies 
in which the carrier technique was used to obtain a quantitative analysis 
for individual compounds. 

When 11-ketopregnane-3a,17a,20a-triol was isolated in radiochemical 
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purity, it was calculated that this metabolite accounted for 44 per cent of 
the radioactivity present in the neutral extract after enzymatic hydrolysis. 
With the same urine extract it was shown that 3a-hydroxypregnane-11 ,20- 
dione was devoid of radioactivity. Therefore it was evident that the 17- 
deoxy 20-ketosteroid was not a metabolite of the 17-hydroxy 20-ketosteroid 
that had been administered, and consequently loss of the 17a-hydroxyl 
group with retention of the 21-carbon skeleton was similarly not a reaction 
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Fig. 1. Distribution of radioactivity after acid and enzyme hydrolysis on two 
equal portions of the first 24 hour urine collection (710,000 c.p.m.) following intra- 
venous administration of 21-deoxyhydrocortisone-4-C! (970,000 ¢.p.m.). 


achieved in vivo. The results obtained were quite different when vigorous 
acid treatment of the urine was employed to cleave the conjugated metab- 
olites. Thus a very much smaller quantity of the major metabolite, 11- 
ketopregnane-3a, 17a,20a-triol, was isolated, while the rearrangement prod- 
uct, 3a-hydroxypregnane-11i,20-dione, was isolated in an amount that 
corresponded to 11 per cent of the radioactivity in the neutral fraction. 
Since these results with the urinary metabolites were in agreement with 
the rearrangment observed with pure compounds under comparable con- 
ditions, it can be concluded that 17-dehydroxylation is an artifact of isola- 
tion when acid hydrolysis is employed rather than a true metabolic altera- 
tion. 
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It is important to call attention to the further errors which the use of 
vigorous acid treatment can cause. It was shown in this study that hot 
acid converted allopregnane-38 ,17a,20a-triol to a number of products 
other than 38-hydroxyallopregnane-20-one, which was isolated and charac- 
terized. Undoubtedly, the same reactions occurred in the radioactive 
studies since acid treatment resulted in the degradation of 11-ketopreg- 
nanetriol to the extent of 92,000 c.p.m. of radioactivity of which only 
35,000 c.p.m. were accounted for by the 17-dehydroxylated product, 3a- 
hydroxypregnane-11,20-dione. Thus there must be similar unknown arti- 
facts formed which were not originally components of the urine. The 
isolation of these would lead to confusion about metabolic alterations as 
well as a waste of time and effort in the isolation and identification of the 
products. These could be avoided by the use of the efficient and mild 
conditions afforded by the use of specific enzymes. An array of artifacts 
ranging from dehydration (7) to p-homoannulation (8) has previously been 
demonstrated to result from the use of boiling acid, and the present exam- 
ple accentuates the conclusion that this treatment negates the validity of 
evidence derived from the application of such methods. 

It is of interest to point out that a single compound, 11-ketopregnane- 
3a,17a,20a-triol, was the major metabolite of 21-deoxyhydrocortisone. 
The metabolic conversion of the 116-hydroxyl group to a ketone as the 
predominant end product is similarly noteworthy. <A study of the signifi- 
cance of these facts and of the as yet unidentified metabolites is in progress. 


SUMMARY 


1. Pinacol-pinacolone rearrangement of two allopregnane-3£ , 17a ,20-tri- 
ols to 17-deoxy 20-ketosteroids has been demonstrated under in vitro con- 
ditions. 

2. When 21-deoxyhydrocortisone-4-C was given intravenously to a 
man, 73 per cent of the radioactivity was excreted in the urine during the 
following 24 hours. The urinary metabolites were quantitatively hydro- 
lyzed by 8-glucuronidase, followed by ether extraction at pH 1. 

3. From the enzymatic hydrolysate 11-ketopregnane-3a, 17a ,20a-triol 
was isolated in 44 per cent yield by the carrier technique. By the same 
methods 3a-hydroxypregnane-11 ,20-dione was shown to be devoid of ra- 
dioactivity. Therefore, 17-dehydroxylation in vivo is not a metabolic 
pathway for 17a-hydroxy 20-ketosteroids. 

4, When the same urine was treated with mineral acid for hydrolysis of 
the conjugates, 25 per cent of the 11-ketopregnane-3a, 17a ,20a-triol present 
was converted to 3a-hydroxypregnane-11,20-dione and only 40 per cent 
of the original metabolite was recovered unchanged. Therefore 17-dehy- 
droxylation was shown to be an artifact of acid hydrolysis. 
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5. In view of the considerable number of artifacts that have been dem- 
onstrated to arise from steroid hormone metabolites by use of hot acid, 
this procedure for cleavage of conjugates should be abandoned. 


The authors express their gratitude to their colleague, Dr. Leon Hell- 
man, for his cooperation in the study with the patient. We are especially 
indebted for the valuable technical assistance of Shirley Dobriner and 
Ruth Jandorek. 

The authors also wish to express their appreciation to Merck and Com- 
pany, Inc., Rahway, New Jersey, and the Schering Corporation, Bloom- 
field, New Jersey, for a generous supply of steroids. 


Addendum—It has just come to our attention that W. Klyne (9) has briefly re- 
ported the conversion of Reichstein’s Substances J and O to 38-hydroxvallopregnane- 
20-one and attributed the reaction to a pinacol-pinacolone rearrangement. In the 
meantime Rosselet, Jailer, and Lieberman have reported that acid hydrolysis results 
(10) in the formation of 20-ketones from 17a,20a-glycols. 
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SERINE METABOLISM IN RAT LIVER SLICES* 
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ZOTTU, WILLIAM WELCH, anpo A. BAIRD HASTINGS 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, December 3, 1956) 


While much is known of the various pathways of serine metabolism, there 
is little quantitative information concerning the relative importance of 
each. The present study has, therefore, been undertaken to examine the 
over-all pattern of serine metabolism in surviving rat liver slices. 

It seems likely that serine is in the major pathway for both the synthesis 
of glycine and “‘1-carbon” compounds from carbohydrate precursors (1-3) 
and the conversion of glycine to carbohydrate intermediates (4). The im- 
portance of these compounds as basic building blocks has prompted the 
study of the effects of both fasting and glycine feeding on serine metabo- 
lism. 

Materials and Methods 


Animals—Male albino rats of the Wistar strain, raised in our colony and 
70 to 90 days old, were used. Fed animals were maintained ad libitum on 
Purina laboratory chow. In studies of fasting, food was removed from 
the animals 48 hours prior to sacrifice. In studies with glycine, 4 mmoles 
per 100 gm. body weight of this amino acid were administered by stomach 
tube 16 to 20 hours before the end of the 48 hour fast. The animals were 
killed by a blow on the head; the liver was rapidly removed, cooled, and 
sliced with a Stadie-Riggs slicer (5). 

Media—Three media of varying ionic composition were used. (1) A 
high potassium medium, designated K = 110, of the ionic composition 
K = 110, Mg = 20, Ca = 10, HCO; = 40, and Cl = 130 mmoles per 
liter; (2) a high sodium medium, designated Na = 110, identical with me- 
dium (1) except that the potassium is replaced by sodium; and (3) a Ringer- 
bicarbonate medium, designated Ringer-HCOs, containing Na = 146, K = 
5, Mg = 0.5, Ca = 1, HCO; = 40, and Cl = 114 mmoles per liter. The 
solutions were equilibrated with 95 per cent O.-5 per cent COs, giving in 
the presence of tissue a pH of 7.4 to 7.5. Approximately 1 gm. (wet weight) 


* This work was supported in part by the William F. Milton Fund of Harvard 
University, the United States Atomic Energy Commission, Swift and Company, and 
the Kugene Higgins Trust through Harvard University. 

t Postdoctoral Fellow in Medical Sciences of the National Research Council (the 
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of liver slices was incubated for 90 minutes in 12.5 ml. of medium to which 
was added | mg. (9.5 umoles) of p- or L-serine-3-C", containing approxi- 
mately 1 ue. of C™. 

Methods——After incubation an aliquot of medium was taken for CO, 
determination, the slices were removed and homogenized with 4 ml. of 
water, and the proteins were precipitated by addition of 4 ml. of 10 per 
cent trichloroacetic acid (TCA). The tissue plus TCA was centrifuged, 
and the precipitate was reserved for isolation of lipides and proteins. — Ali- 
quots of the TCA filtrate were taken for determination of tissue formate, 
serine, and glycogen. 

The medium was heated to coagulate the soluble proteins and centri- 
fuged, and from the supernatant fluid aliquots were taken for determina- 
tion of the serine, pyruvate, glucose, and formate of the medium. 

Serine—The amount of isotope present as serine was estimated by perio- 
date oxidation and precipitation of formaldehyde as the dimedon deriva- 
tive which was plated and counted directly (6). The total formaldehyde 
released from the medium was determined with chromotropic acid (7) and 
was found to equal the amount expected if glucose were the only formalde- 
hydogenic substance present in the medium. Since the total medium glu- 
cose and glucose specific activity were determined separately, suitable cor- 
rections could be made for the contribution of this substance. Although 
the formaldimedon obviously contained radioactive and inactive material 
derived from other compounds, the amount appears to be small and of the 
order of magnitude (5 to 10 per cent) of the error involved in the deter- 
mination. The total counts recovered have therefore been ascribed to 
serine, although they actually represent an upper limit for the serine value. 

Formate—The amount of C' present in formate was determined by the 
addition of carrier formate to an aliquot of the medium or TCA extract, 
oxidation with mercuric chloride in acetate buffer (8), and precipitation of 
the resultant CO, as BaCO; which was plated and counted. 

Pyruvate—Conversion of serine to pyruvate was determined by addition 
of carrier pyruvate to an aliquot of the medium, precipitation as the dini- 
trophenylhydrazone, and C™ assay. The concentration of pyruvate pres- 
ent was too small to be determined (9). 

Glucose— Glucose was determined colorimetrically by the method of Nel- 
son (10). Specific activity was determined by formation of the phenylosa- 
zone Which was recrystallized, plated, and counted. 

Proteins and Lipides —Lipides were separated from the proteins by a 
modification of the method of Foleh ef al. (11). The TCA precipitate was 
washed three times with 5 per cent TCA and once with water. The lipide- 
protein mixture was stirred with 2:1 chloroform-methanol mixture (25 mi. 
per gm. of liver slice), 5 ml. of water were added, and the mixture was cen- 
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trifuged for 1 to 2 hours. The rubbery middle layer, containing the pro- 
tein, was removed with a stirring rod, washed two times with ethanol, once 
with ether, dried in vacuo, and weighed. Protein C™ was determined by 
wet combustion of a portion of the dried protein to CO which was col- 
lected and counted as BaCO;. The specific activity of the protein was 
calculated by multiplying the specific activity of the BaCO; by 8.7. This 
figure is based on the assumption that proteins are 53 per cent carbon. 

The chloroform layer containing the lipides was washed three times with 
the upper phase, taken to dryness under nitrogen, redissolved in 2:1 chlo- 
roform-methanol solution, filtered, reduced to a small volume, plated, and 
counted. The amount of lipide present was determined by evaporating 
an aliquot of the lipide extract to dryness and weighing it. 

CO.—Specific activity of the CO, was determined by acidification of an 
aliquot of the medium and collection of the evolved COz as BaCO; which 
was plated and counted. The total CO:2 of the system does not change 
significantly when liver slices are incubated in bicarbonate media. There- 
fore total CO, per flask was determined separately by Van Slyke analysis, 
and this constant was used in computing total activity in the COs. 

Nitrogen—The nitrogen content of initial samples of wet liver was deter- 
mined by the Kjeldahl method (12). 

C'4—C was assayed in a proportional flow counter (13) in stainless 


steel planchets (14). 


Results 


Effect of Na and K on Serine Metabolism—Several experiments were per- 
formed in which the metabolism of L- and p-serine in high potassium (IK = 
110) and high sodium (Na = 110 or Ringer-HCO;) media was compared. 
Three such experiments are shown in Table I. It may be seen that one- 
half of the added serine is metabolized in the sodium medium compared to 
one-fourth in the potassium medium. The lower serine uptake with po- 
tassium is accompanied by a drop in serine converted to CO2 and glucose. 
Diminished incorporation of serine carbon into other end products such as 
proteins, lipides, formate, and pyruvate was also found. This diminished 
rate of metabolism of serine in potassium media has been observed with 
both p- and L-serine. It is probably due to interference by potassium with 
transport of serine into the cell rather than to a slowing down of metabolic 
processes. If the latter were the case, one would expect an accumulation 
of serine in the cell in the K = 110 medium. From Table I it may be seen 
that the serine-C" in the slices (both extra- and intracellular) at the end of 
90 minutes is the same for both media. Since the medium concentration 
of isotopic serine is higher in the K = 110 medium than in the Na = 110 
medium, there should be more serine in the extracellular compartment of 


ch 

OXi- | 

of 

per 

ed, 

\li- 
ite, 

ri- 

la- 

10- 

de 
nd 
le- 

u- 

h 

al 
r- 

O 
le 

t, 

of 


738 SERINE METABOLISM IN LIVER SLICES 


the former and consequently a higher concentration in the intracellular 
compartment of the latter. This is consistent with an interference of serine 
transport due to I< and is similar to the observations of Christensen with 
ascites tumor cells (15). Because of the greater incorporation obtained in 
high sodium medium, subsequent studies were carried out in Ringer-HCO, 
medium. 

Over-All Pattern of Serine Metabolism—-In Table II are shown the results 
of attempts to assess the quantitative importance of various metabolic 
pathways for p- and L-serine. This series was carried out in Ringer-HCO, 
medium. The data in Columns 3 and 4 are expressed in terms of the per 
cent of added isotope recovered in a particular compound or group of com- 


TABLE I 

Effects of Potassium and Sodium on Uptake of L-Serine by Surviving Liver Slices 

1 gm. of slices, 12.5 ml. of medium, and 1 mg. of L-serine containing about 1 uc. 
of Cin the B-carbon were added to each flask. 


Per cent of added C™ found in 


Rat No. _ Medium serine* | Tissue serine*® | CO2 Glucose 


(Na = 10) K=110) Na= 110 K=110 | Na = 110 K = 110 Na = 110K = 110 


1 | 56 | 70 2.4 2.1 14.1 6.1 | 2.0 | 0.6 

3 | | 6.4 | 3.2 | 0.8 

Average... | 50 73 ee ee | 16.6 | 6.4 2.5 0.7 
j | 


* Total formaldehydogenic material, assumed to be predominantly serine. (For 
discussion see the text.) 


pounds. ‘The value for medium serine indicates the amount of serine not 
utilized by the slices, and the difference between this figure and the total 
amount added represents total uptake shown at the bottom of Table II. 
The same data are also shown in Columns 5 and 6 as per cent of total iso- 
tope taken up by the slices in order to compare the patterns of metabolism 
characterizing the two isomers. 

In all of the experiments the initial concentration of serine in the me- 
dium, 0.76 mM, is close to that of rat blood, found by Wiss to range from 
0.15 to 0.4 mm (16). In the case of L-serine 3.5 wymoles were taken up per 
gm. of slice in 90 minutes. This may be compared to a turnover rate of 
3.0 mmoles per 100 gm. per day reported by Arnstein and Neuberger for 
serine in the rat (17), which is equal to 50 uwmoles per gm. of liver per 90 
minutes. This suggests that the metabolic patterns observed have not 
been distorted by flooding the slice with serine. 
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In order that the patterns of L-serine may be visualized, the alternative 
reactions which it may undergo are indicated in Fig. 1. The largest single 
product of L-serine metabolism is COs, accounting for about 40 per cent of 
the total uptake. This may be derived from serine by two pathways: (1) 
dealdolization (Reaction I), followed by oxidation of the folic acid-bound 
formaldehyde via formate to CO: (18-20), and (2) conversion to pyruvate 


TaBLeE Il 
Distribution of Isotope from D- and L-Serine-3-C'4 in Surviving Liver Slices of Fed Rats 
1 gm. of slices, 12.5 ml. of Ringer-bicarbonate buffer, and 1 mg. of D- or L-serine 
containing about 1 we. of C' in the B-carbon were added to each flask. Average 
deviation shown after +. 


| 
Amount of isotope found in products expressed as 


No, of experiments | 
Compound analyzed | Per cent of added isotope Per = 
| L-Serine | p-Serine L-Serine | p-Serine L-Serine | p-Serine 
a) (3) | (4) (6) | 6) 
Medium serine*....... 6 4 63 2+ 5.3 8&9 + 6.5 
10 S 14.4 + 5.4 0.4 + 0.1 39 4.0 
glucose...... 10 12+0.6 + 0.4 3.4 11.2 
pyruvate... 6 4 1.1+0.2 |0.07+ 0.045 3.0 0.6 
formate.......| 4 2 0.7 + 0.3 | 0.01 1.9 0.1 
Tissue serine*....._.. 3 1 2.0+ 0.5 | 3.2 5.4 | 29 
2 0.1 + 0.04 | 0.00 | 0.3 
19+0.8 |0.2 40.08 5.2 1.6 
| | 13+0.6 '0.6 + 0.3 3.5 5.2 
Accounted for....... | | 23 6 62 52 
Unaccounted for... . | 14 5 | 38 48 
| | | 
Total uptake........ | | 37 11 100 100 
| 


* Total formaldehydogenie material, assumed to be predominantly serine. (For 
discussion see the text.) 


(Reaction I] or IIT) (21-24) and subsequent oxidation via the Krebs cycle. 
Weinkouse (25) has shown with liver slices that the first pathway is the 
primary one. Production of formate, which is produced in smaller but 
significant amounts, must be taken, together with the COs, as a partial 
measure of the dealdolization reaction. 

The glucose and pyruvate of the medium, both of which are formed as a 
result of Reactions II and III, together account for about 6 per cent of the 
incorporated serine. Of the remainder, about 5 per cent remains as free 
serine, about 5 per cent enters the proteins, and 3.5 per cent or less enters 


ue. 
| 
t 
1 
f 


740 SERINE METABOLISM IN LIVER SLICES 


the lipides.!. This suggests that some 10 to 15 per cent of the serine taken 
up undergoes no degradative reactions. 

The 38 per cent unaccounted for may be presumed to be present in a 
large variety of compounds, e.g. purines, thymine, ethanolamine, phos- 
phorylated intermediates of glycolysis, lactate, glutamate, and alanine. 

The data for b-serine show that as much glucose is formed from p- as 
from L-serine. For all other products, except lipide, the isotope content is 
one-tenth or less that found when L-serine is used. The apparently high 
figure for incorporation of b-serine into lipide is probably due in part to 
contamination. These figures suggest that p-serine undergoes only a single 


H H 
Co, H-¢-0H H-C-COO™ 
H H H H 
H H-G-OH H-G-H 
H-C-OH H- C- “NH? ——> — 
H- -G-NHS COO- COO" 
| 
CO. 
H-G-OH Carbohydrate 
C=O intermediates 


I Dealdolization II Dehydration II Transamination IW Decarboxylation 


Fic. 1. Primary metabolic reactions of serine 


reaction to give a carbohydrate intermediate. Further reactions of such 
an intermediate would account for the pattern of C'™ incorporation found. 
The low isotope content of the pyruvate isolated suggests that transamina- 
tion or oxidative deamination may be involved to give hydroxypyruvate 
as the first product. 

Effects of Fasting and of Glycine Administration —Incubating serine with 
slices from fasted animals resulted in a 50 per cent higher uptake per gm. 
of slices compared with that from fed animals. In an effort to interpret 
this difference liver weight and liver nitrogen were measured and compared 


1 The figure for protein and lipide must be considered a maximal one since con- 
tamination has not been ruled out. The b-serine figure, however, serves as a contro! 
for the L-serine on the assumption that the L and pL forms are equally difficult to 
remove in the isolation procedures. If this assumption is valid, the protein figure 
is hardly changed while the value for lipide is greatly reduced. 
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with the prefasted weights of the animals. It was found, in agreement 
with the data of Fenn (26), that during a 48 hour fast the livers lost, on the 
average, 59 per cent of their original weight and 28 per cent of their nitro- 
gen. On the assumption that this loss of weight is due primarily to shrink- 
age rather than to destruction of cells, the liver-slices from fasted rats 


TaBLe III 
Effects of Fasting and of Glycine Administration on Metabolism of 
L-Serine by Surviving Rat Liver Slices 
1 gm. of slices, 12.5 ml. of Ringer-bicarbonate buffer, and 1 mg. of L-serine con- 
taining about 1 we. of C't in the B-carbon were added to each flask. Average devia- 
tion shown after +. 


Amount of isotope found in products expressed as 
per cent of total uptake 
Compound analyzed 


Fed* Fastedt Fasted + glycine* 
+ ll 62 +7 44 + 7 

| 28 + 1.3) 56 +1.6|) 7.9 + 2.5 

2.55 + 0.3) 0.6§ + 0.2; 1.2$+ 0.1 

1.78 + 0.5; 1.1 +0.3) 1.1 +0.2 

1.5| 2.6$ + 0.2) 3.08 + 0.3 

4.2 4 2.1; 3.194 4.7 + 0.4 

3.4 + 1.4] 2.5 40.4]; 2.6 + 0.7 
59 78 65 
Unaccounted for.................. 41 22 35 


* Average of six experiments except where otherwise noted. 
+ Average of seven experiments except where otherwise noted. 
t Average of three determinations. 
§ Average of four determinations. 
| Total formaldehydogenie material, assumed to be predominantly serine. (For 


discussion see the text.) 
© Average of five determinations. 


contain about 50 per cent more cells per gm. than do the slices from fed ani- 
mals. It follows that, while uptake of serine per gm. is 50 per cent greater 
in fasted slices, uptake per cell is the same for fasted as for fed slices. 

A comparison of fed, fasted, and “fasted plus glycine” slices is shown in 
Table II]. The data are expressed as per cent of total uptake and, if the 
uptake per cell is constant, represent the pattern of L-serine metabolism 
per cell. 

There is no significant change in the amount of isotope found in the tis- 
sue constituents or in the medium formate. CQO. production is, however, 
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increased by 50 per cent in the fasted slice and returns to the value for the 
normal fed animal in the “fasted plus glycine” slice. Glucose production 
is significantly increased by fasting and reaches even higher values after 
pretreatment of the animal with glycine. Pyruvate production is de- 
creased by fasting with and without glycine administration. The ratio of 
glucose to pyruvate production shifts markedly in going from fed to fasted 
slices, changing from unity to nearly 10:1. 


DISCUSSION 


Four primary reactions have been reported for L-serine, apart from in- 
corporation into lipides and proteins, and these are shown in Fig. 1. Reac- 
tion I, leading to glycine and hydroxymethyltetrahydrofolic acid, is ap- 
parently fully reversible (19). Reaction II, leading by dehydration and 
deamination to pyruvate, is essentially a one way reaction (1-3), while 
Reaction III, giving rise to hydroxypyruvate by either transamination or 
oxidative deamination, probably occurs in both directions. Evidence for 
transamination has been reported (8, 23, 24), and hydroxypyruvate has 
been strongly implicated as the direct carbohydrate precursor of serine 
(1-3). There is no quantitative evidence as to the relative importance of 
Reactions II and III in the conversion of serine to carbohydrates. Reac- 
tion IV, decarboxylation of serine to ethanolamine, is implied by isotopic 
studies in the whole animal (27), but has not been assessed in this study. 
It probably accounts for only a small part of the serine metabolized? (27). 

The results of these experiments suggest that the major reaction of serine 
in the liver is Reaction I and that Reactions II and III, leading to carbo- 
hydrate intermediates, are of less quantitative importance. The 40 per 
cent of isotope not accounted for with the fed slices is probably not dis- 
tributed so unequally between these reactions as to change this conclusion. 

The unnatural and highly toxic p-serine apparently undergoes only one 
of these reactions, presumably Reaction III, leading to hydroxypyruvate, 
and does not serve to substitute appreciably for its natural isomer. 

The increased rate of Reaction I with fasting and its reduction by glycine 
administration are explicable in terms of the effect produced by changing 
glycine and serine ratios on this reversible reaction. There is no need 
therefore to invoke enzyme adaptation to explain this increase, although 
it is not necessarily excluded. 

While there is an increase in glucose production with fasting, there is a 
concomitant drop in pyruvate accumulation and, therefore, no evidence 
that there is an actual increase in the sum of Reactions II and III. The 
change in ratio of glucose to pyruvate accumulation is more likely due to 


2 Unpublished observations of M. Nemer and D. Elwyn. 
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an effect of fasting on the conversion of pyruvate to glucose than to an ef- 
fect on serine metabolism itself. With the ‘fasted plus glycine”’ slices, 
however, the total of glucose plus pyruvate is significantly greater than that 
in the fed slices. This suggests that the increased glucose formation from 
serine represents not only a redistribution of isotope among the carbohy- 
drate intermediates, but also an increase in the forward rate of either or 
both Reactions II and III. 

Serine thus appears to function in fasting primarily as a source of glycine 
and “l-carbon” compounds. When this glycine requirement is met from 
another source, an increased glucose formation is observed, as might be 
expected from a glucogenic amino acid during fasting. 


SUMMARY 


1. The metabolism of p- and L-serine-3-C"™ has been studied in livers from 
fed and fasted rats. 

2. A comparison of serine metabolism in high K and Na media shows 
that much less serine is taken up in the former than in the latter, but that 
the distribution of isotope remains essentially the same. This effect is 
probably due to interference with transport of serine into the cell by K. 

3. Incubations carried out in Ringer-bicarbonate medium show that, of 
the L-serine taken up by liver slices from fed animals, roughly 10 to 15 per 
cent remains as free or combined serine, 40 per cent is converted to COz, 
2 per cent to formate, and about 3 per cent each to pyruvate and glucose. 
p-Serine is metabolized at a much slower rate than its isomer and only by 
a single pathway leading to carbohydrate intermediates. 

4. Fasting increases the conversion of L-serine to both COz and glucose. 
The increased conversion to CO: is prevented by feeding glycine 16 to 20 
hours before killing the rats. 

5. The significance of these results to the metabolic role of serine is dis- 


cussed. 
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EFFECT OF ETHYLENEDIAMINETETRAACETIC ACID ON 
DEPOSITION AND EXCRETION OF CERTAIN RARE 
KARTH ELEMENTS* 


By HARRY FOREMAN ano CAMILLE FINNEGAN 


(From the Los Alamos Scientific Laboratory of the University of 
California, Los Alamos, New Mezico) 


(Received for publication, November 5, 1956) 


This paper deals with a small facet of the problem of understanding and 
predicting the behavior of chelating agents in the body; namely, on the 
relationship between the effect of a chelating agent introduced into the 
body and stability constants as determined in the test tube. 


Methods 


The study was carried out by determining the effect of calcium ethylene- 
diaminetetraacetate on the excretion and distribution in rats of a number 
of rare earths and yttrium, and correlating the magnitude of these effects 
with the stability constants of the chelates formed with some of the rare 
earths. These rare earths were selected because they form a long series 
of closely related elements with similar chemical and physical properties 
and because the stability constants of the chelates formed with ethylene- 
diaminetetraacetic acid (EDTA) have been determined (1). Yttrium 
was studied because of its close relationship to the rare earths. 

The following isotopes! were used: Tb!®, Y%, and Tm!”°, 
The isotopes were administered, either essentially carrier-free or with trace 
amounts of carrier, intravenously in 0.5 per cent sodium citrate solution 
at pH 5 to male Sprague-Dawley rats weighing 300 gm. ‘Ten animals 
were injected with each isotope. Half of the animals were given 200 mg. 
of Ca EDTA intraperitoneally per kilo once daily for 4 days. Urine and 
feces were collected and assayed daily. At the end of 4 days, all of the 
animals were killed, and liver, spleen, and long bones (humeri, radii, ulnae, 
femorae, and tibiae, including all epiphyses) were removed. The re- 
mainder of the carcass was assayed as a unit. In preparation for count- 
ing, the tissues were dry ashed and the ash was dissolved in 6 N HNOs. 
Cerium, yttrium, terbium, and thulium were counted in a scintillation 


* This work was carried out under the auspices of the United States Atomic Energy 
Commission. 

1The Ce, Pm, and Y were obtained from the Oak Ridge National Laboratory. 
The Tb and Tm were obtained through the courtesy of Dr. P. W. Durbin at the 
Crocker Laboratory in Berkeley, California. 
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counter with a well type sodium iodide crystal. The Pm samples were 
plated on stainless steel disks and 6-counted in a proportional flow counter, 
Only the bone samples produced sufficient mass on the counting plates to 
require correction for self-absorption. 


Results 


The results of the study, including recovery values and ranges of varia- 
tion, are presented in Table I. The pattern of distribution and excretion 
of the various rare earths in the control animals is fairly similar to that 
obtained by Durbin et al. (2). The few differences in the results of the 
two studies, such as lower values of Ce and Pm in the liver and lower skel- 
etal value of Tm in our study, might well be due to the difference in mode 
of administration, intravenously in our experiments as compared to intra- 
muscularly in theirs. Spleen values in the Ce study were high, suggesting 
the presence of some colloid in the injection solution. For the other iso- 
topes, however, the spleen values are low, as in the study of Durbin et al., 
indicating that the rare earths were present in the blood stream in ionic 
form rather than as colloids. 

An index to the relative binding affinities of the chelating agent for the 
rare earths under physiological conditions, which in this study are manifest 
by the effectiveness of the chelating agent in altering distribution and ex- 
cretion of the injected elements, was obtained by calculating the ratios of 
the amount of rare earth in the tissues and excretion of the control animals 
to the amount of rare earth in the tissues and excretion of the treated ani- 
mals. The ratios are calculated from data expressed in terms of per cent 
of recovered dose rather than the data presented in Table I, which are 
given in per cent of injected dose. Ratios were calculated for total excre- 
tion, whole body content, and for certain specific tissues; namely, liver 
and long bones. 

In Fig. 1 these ratios are plotted against the log of the stability constant 
for the chelates formed by EDTA and the respective rare earths. The 
values for the stability constants are those determined by Wheelwright 
et al. (1), with the exception of Pm. Since the Pm value was not deter- 
mined by these authors, it was necessary to estimate the value from their 
data. This was done by assuming that the Pm value would follow the 
straight line relationship illustrated and by merely selecting the assumed 
Pm value from its position on the curve. The ratios for whole body con- 
tent, bone, and liver range from 1 to 2.4 and are plotted along the scale 
on the left of the graph. The ratios for excretion range from 2 to 3.4 and 
are plotted along the scale to the right of the graph. Excretion ratios are 
calculated as the reciprocal of the distribution ratios; namely, the values 
for the treated animals divided by the values for the controls. Calcula- 
tion of the ratio in this fashion was made to rotate the slope of the plot by 


TABLE I 


Effect of Ca EDTA on Distribution and Excretion of Intravenously 
Administered Rare Earths and Yttrium 


| Ce | Pm | Tb Y | Tm 
Ca EDTA-treated 
Urine...... 22.82* 18.93 + 1.26 47.94 + 5.2951.34 + 3.20 53.15 + 0.83 
ria- +£0.96T | 
aes Feces... .. 7.09 + 0.99 6.01 + 0.09 3.95 + 0.41 3.89 + 1.10 5.59 + 0.60 
h Liver...... 24.58 + 0.70 18.69 + 2.28 2.00 + 0.03 1.36 + 0.80 0.83 + 0.01 
at Spleen... | 2.08 + 0.00 | 0.43 + 0.01) 0.11 + 0.00) 0.64 + 0.13) 0.04 + 0.00 
the Long 
Kel- bones...) 5.73 + 0.40 | 8.03 + 0.10, 8.11 + 0.66) 5.36 + 0.41) 1.79 4+ 0.13 
ode Carcass{t... 31.46 + 0.91 36.51 + 5.61 38.43 + 0.7831.37 + wane 38 8 + 2.36 
Ta- 
ing Total.... 93.76 + 2.8 (88.60 + 2.90,100.54 + 4.2 = + 2.7 00.58 + 2.11 
Controls 
al., 
nic Ee 3.24 + 0.12 8.57 + 2.0 | 15.62 + 0.4918.11 + 1.01) 9.71 + 1.08 
Feces...... 11.52 + 1.66 4.73 +0.4, 4.99 + 0.87 2.85 + 0.04) 7.03 + 0.60 
he Liver....... 32.08 + 0.70 26 .85 + 5.39 5.94 + 0.35 2.81 + 0.46 1.83 + 0.03 
oat Spleen. .... 3.24 + 0.02 0.88 + 0.08 0.24 + 0.03 0.15 + 0.03, 0.06 + 0.01 
e Long bones.| 4.73 + 0.13 8.37 + 0.02) 13.84 + 0.2311.84 + 0.38 4.39 + 0.90 
Carcasst... .'29.86 + 0.58 42.02 + 3.83) 63.37 + 1.4860.68 + 1.3563.58 + 4.2 
O 
als Total..... 84.67 + 1.7 [91.42 + 3.65 103.99 + 3.7 96.44 + 2.1486.60 + 4.6 
nt * The results are expressed in terms of per cent of injected dose. 
ws t Standard deviations are indicated. 
| t The carcass includes the remainder of the viscera, skeleton, and the skeletal 
e- muscle. 
er 
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90° and thereby allow easier comparison of the excretion data with the 
distribution data. The apparent identity of the excretion data with the 
distribution data with respect to magnitude is fortuitous and comes about 
only because of the choice of the position of the ordinate scale on the right 
of Fig. 1. 


DISCUSSION 


Because of the variation inherent in a biological experiment of this sort, 
in which so few animals were used, the scatter of the data is such that it 
is not possible to obtain precise quantitative correlations. However, from 
the grouping of the data, a definite relationship is apparent. As seen in 
Fig. 1, the data tend to fall along a line to the region of Pm, where the 
curve flattens. Yttrium data deviate from the line, but this is not sur- 
prising. From its behavior on ion exchange columns, from which it is 
more readily stripped by EDTA than rare earths with about the same 
stability constants, one might have predicted that Y would lie above the 
line. 

In view of the complicated series of reactions which occur when a chelat- 
ing agent is introduced into the body, meaningful explanation of the shape 
of the curve is difficult and at best speculative. The chelating agent must 
compete with natural binding agents, protein, bone, the reticulo-endothelial 
system, and with the hydrolysis reactions of the rare earths. In addition, 
naturally occurring cations such as Ca compete with the rare earths for 
the chelating agent. Schubert (3) has devised an equation illustrating 
these relationships, which, for the purposes of comparing one rare earth 
with another, can be condensed to the following: 


3 
K you Kup 


where Ryy = the ratio of EDTA complex-forming rare earth to ionic rare 
earth; Kywy = the stability constant of the EDTA rare earth chelate; 
= the stability constant of EDT A-hydroxylated rare earth che- 
late; Kyow = the equilibrium constant for hydrolysis of the rare earth; 
Kyp = the stability constant of the rare earth natural binding agent com- 
plex; and C = a constant. 

Of these factors, K yon has been shown by Wheelwright e¢ al. (1) to vary 
very little from one rare earth to another. Therefore, it is not likely to 
play an important role in effecting the different affinities of HDT A for 
the various rare earths. The same probably holds true for Kycowy. The 
most important factors, then, which determine the effeet of EDTA upon 
the distribution and excretion of the rare earths in the body are A yy, the 
affinity of EDTA for the various rare earths, and AK yp, which is indicative 
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of the net natural binding affinitv. These two factors primarily influence 
the shape of the curve in Fig. 1. 

The natural binding affinities are manifest most strongly in the region 
of the lower rare earths and decrease sharply with increase in atomic num- 
ber, v.e. uptake of Ce by the liver of 32 per cent of dose as compared to 1.75 
per cent of the dose of Tm held by the liver. The flattening of the curve 
probably results from the overwhelming effect of the natural binding affini- 
ties in the region of the lower rare earths. With increasing atomic num- 
ber, binding with EDTA becomes the greater factor in influencing the 
distribution of the rare earths, and a direct relationship between HDT A 
stability constant and the chelating effect becomes apparent. 

The site of the flattening of the curve can be varied by the conditions of 
the experiment. By varying the dose of the chelating agent, one can alter 
the magnitude of the effect of the agent and thereby shift the turnover 
point on the curve. However, at the high dose level used in this study, 
200 mg. per kilo, the maximal effect of the chelating agent was obtained, 
and the change of slope on the curve at the region of Pm probably ade- 
quately represents the region in the series where the chelate binding over- 
shadows the effect of natural binding forces. 


SUMMARY 


This study illustrates a relationship between the effect of a chelating 
agent, ethylenediaminetetraacetic acid, when introduced into the body and 
the stability constants of chelates formed by this agent and various mem- 
bers of the rare earth series. 
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THE WHEAT LEAF PHOSPHATASES 


III. A SURVEY OF THE HEAT STABILITY OF 
THE ENZYMES ACTIVE AT pH 5.7* 


By D. W. A. ROBERTS 
(From the Science Service Laboratory, Lethbridge, Alberta, Canada) 


(Received for publication, November 23, 1956) 


In Paper I of this series (1) the hypothesis that the acid phosphatase 
activity of wheat leaves is caused by a group of several distinct enzymes 
with quite narrow substrate specificities was suggested. To obtain more 
data on this hypothesis and to investigate one possible method of purifica- 
tion, tests have been made on the heat stability of the phosphatase activity 
towards the sixteen substrates under study. 

The results of these experiments indicate that there is more than one acid 
phosphatase in wheat leaf juice. Most of the activity towards 6-glycerol 
phosphate, glucose 6-phosphate, cytidylic acid, 3-phosphoglyceric acid, 
and pyrophosphate was destroyed by heating the crude juice for 90 minutes 
in a water bath at 50°. The data show also that denaturation of the 
enzymes followed first order kinetics with some substrates, but not with 
others. 


Materials and Methods 


The wheat leaf juice was prepared and tested at pH 5.7 by the methods 
described earlier (1). Heat inactivation of the phosphatases was carried 
out in the crude juice preparations in tubes, 20 X 2.5 cm., which were 
immersed in a constant temperature water bath at 50° or 60°. Samples 
were removed from the tubes after 15, 30, 60, and 90 minutes and cooled to 
room temperature. The activity in the initial sample and that in the four 
heat-treated samples were measured at the same time. These tests were 
made on three different samples of juice treated at 50° and on four samples 
treated at 60°. The activities were calculated as percentage of activity 
present in the untreated juice. 

Departures from linearity in the plots of the log of the percentage of 
initial activity remaining after heat treatment against duration of treat- 
ment were determined by inspection of the curves for samples treated at 
50° and by statistical analysis for samples treated at 60°. The only sub- 
strates tested by heat treatment at 60° were those for which the experi- 


* Contribution No. 1576 from the Botany and Plant Pathology Division, Science 
Service, Canada Department of Agriculture, Ottawa, Ontario. 
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Substrate 


Adenosine 5-phosphate 
Phenolphthalein phosphate 
p-Nitrophenyl phosphate 
Yeast adenylic acid 
Riboflavin 5-phosphate (Na) 
Ribose 5-phosphate (Ba) 
Guanylic acid 

Glucose 1-phosphate (K) 
Uridylie acid 

Fructose 6-phosphate (Ba) 
B-Glycerol phosphate (Na) 
Glucose 6-phosphate (Ba) 
Cytidylie acid 
3-Phosphoglycerate (Ba) 
Pyrophosphate (Na) 
Phenyl] phosphate (Na) 


Pyrophosphate (Na) 


sé 


Phenyl phosphate (Na) 


‘ 
sé sé 
sé 


Yeast adenylic acid 
Adenosine 2’-phosphate 
Adenosine 3’-phosphate 


TABLE I 
Activity of Acid Phosphatases tn Wheat Leaf Juice Treated at 60° for Various Periods 


— 


Enzyme 
No.* 


| 


Quantity) —— 
of 


substrate 15min. 30 min. | 60 min. 90 min. 


| 


HEAT STABILITY OF PHOSPHATASES 


Percentage initial activity 
present after heat treatment for 


Average of 3 experiments 


| 


102 90 | 80 
96| 73 | 59 | 55 
85| 68 | 44 | 44 
72| 61 | 49 | 38 
76| 54 | 38 | 34 
83| 59 | 46 | 32 
87| 39 | 42 | 24 
76| 61 | 52 | 20 
74 66 «|| «39: | «16 
66 44 | 15 9 
72| 44 | 20 8 
66} 38 | 24 4 
66 31 | 10 2 
67 | 33 4 0 
72| 58 | 12 0 


Single experiments 


| 41 


48 | —4¢ | —58 | —89 
89 59 | —30 
67 | 33 3 5 
102 77 38] 42) 
53} 35 10 | —13 
46 | 63 | —37 | —64 
85 | 64 
82. 59 36 29 
87 | 78 57 50 
87 | 63 52 | 34 
92 76 59 55 


Shape of 


plot of log 


activity 
against 


duration of 


eat 
treatment 


Linear 
? 


Concave 


Linear 
Concave 


Linear 


Ik-xperimental conditions: 3.0 ml. of 0.75 M citrate buffer, pH 5.7; 0.5 ml. of wheat 
leaf juice, incubated 1 hour with substrate. 


* These figures are taken from Paper I of the series (1). 


Two substrates have 


different enzyme numbers when (a) their hydrolysis is inhibited by different com- 
pounds, and (6) their hydrolysis is inhibited by different amounts by the same com- 
pounds. 
+t Negative values represent phosphate uptake which is expressed as a percentage 
of phosphate liberation in the unheated controls. 
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ments showed that over 30 per cent of the initial activity remained after 
90 minutes at 50°. Phenyl phosphate was also included in this group. 


Results 


The data on the activity of the acid phosphatases in wheat leaf juice 
which was treated at 50° show large differences in the heat stability to- 
wards the different substrates (Table I). When the logs of the activity 
were plotted against duration of heat treatment, the three types of curve 
obtained were linear, concave, and convex. Convex curves were found 
only when pyrophosphate and phenyl phosphate were used as substrates. 


TABLE II 


Activity of Some Acid Phosphatases in Wheat Leaf Juice 
Treated at 60° for Various Periods 


| inital activity, | Shape of plot of 
Substrate 
15 min. | 30 min. | 60 min. | 90 min. of Dens trentmont 
Adenosine 5-phosphate. ................. 66 52 39 33 Linear ? 
Phenolphthalein phosphate.............. 91 49 45 20 " 
p-Nitrophenyl phosphate................ 59 36 27 21 Concave 
Riboflavin 5-phosphate.................. 52 34 24 19 ” 
Ribose 5-phosphate..................... 34 17 17 10 Bis 
Premyi 24 15 7 4 


‘xperimental conditions: 3.0 ml. of 0.75 mM citrate buffer, pH 5.7; 0.5 ml. of wheat 
leaf juice, incubated 1 hour with substrate. 
* Average values for four experiments. 


In the presence of either of these two substrates, some samples of juice, 
which had been heated for 90 minutes at 50°, showed phosphate uptake 
instead of liberation (Table I). The data on these two substrates are 
more variable than those for most of the others. The nature of these 
systems and the conditions for the preparation of juice that exhibits phos- 
phate uptake are unknown. 

When the wheat leaf juice was treated at 60° (Table IL) for the sub- 
strates tested, there were no major differences in heat stability of the 
phosphatases involved. Thus, heat treatment can be used only to give 
partial separation of the phosphatases present. 

A single experiment (Table I) showed little difference in the heat sta- 
bility of the enzyme or enzymes which hydrolyze adenosine 2’-phosphate 
and adenosine 3’-phosphate. 
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DISCUSSION 


The data in Tables I and II provide further evidence that the acid phos- 
phatase of wheat leaves is probably not a single enzyme. It is possible 
that heat treatment of a single enzyme might modify its properties so that 
its activity towards some substrates is eliminated while that towards 
others is only reduced (2). These results, therefore, do not constitute 
conclusive evidence for a multiplicity of acid phosphatase enzymes in wheat 
leaf press-juice. It is noteworthy that activities which appeared to be 
caused by the same enzyme, as judged by inhibition studies (Enzymes 
1, 8, and 11), show similar stabilities towards heat treatment. 

The plots of log of activity against duration of heat treatment give 
linear, convex, and concave curves. The linear curve would be expected 
when there is only one enzyme involved or when there are two or more 
enzymes with similar stabilities to heat treatment. Convex curves result 
from the presence of systems causing phosphate uptake. <A concave curve 
could result from the presence of two enzymes in the juice, which act upon 
the same substrate, provided that the enzymes differed in heat stability. 
According to this viewpoint, it is suggested that wheat leaf juice contains 
isodynamic phosphatases (3) with differing heat stabilities. Alternatively, 
these results could be explained by the formation of a relatively heat-stable 
intermediate during the denaturation of acid phosphatase. This inter- 
mediate might show activity towards some substrates but not towards 
others. 

These experiments show that it may be possible to separate some of the 
acid phosphatase activities from each other by heat treatment. However, 
other methods for separation will be required for the purifications necessary 
to define the substrate specificities of these enzymes. Such work is in 
progress. 


SUMMARY 


Tests have been made on the heat stability of the acid phosphatase ac- 
tivities of wheat leaves towards sixteen substrates. Treatment of the crude 
juice preparations for 90 minutes at 50° indicated a range of activities from 
0 to 80 per cent of those found in the untreated juice. The data support 
the hypothesis that the acid phosphatase activity of wheat leaves results 
from a complex mixture of phosphatases. 
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OBSERVATIONS ON THE FUNCTION OF 
CYTOCHROMES c AND c,* 


By ERIC G. BALL anp OCTAVIA COOPER 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, December 10, 1956) 


In previous publications (4, 5) we have described spectroscopic observa- 
tions on a heart muscle enzyme preparation which transmits electrons from 
succinate, DPNH,' or p-phenylenediamine to oxygen. ‘This preparation 
displays good activity with all three substrates in the absence of added 
cytochrome c, though the addition of this component increases the activity. 
The absorption spectrum of this enzyme preparation in the reduced state, 
however, did not show the characteristic band of reduced cytochrome c 
at 550 mu. Instead, a band centered at 551 to 552 mu was noted (5). 
Careful calibration of the spectrophotometer and observations on pure 
cytochrome c solutions showed that the location of the band was not in 
error. It became evident to us early in 1952 that the explanation for this 
band was the fact that heart muscle contained, in addition to cytochrome c, 
another cytochrome absorbing in its reduced state at 552 to 553 mu. Thus 
the band observed at 551 to 552 my in our heart muscle preparation was 
due to the fusion of the cytochrome c band at 550 my with that of this 
additional cytochrome component absorbing in the region of 553 mu. A 
similar conclusion was reached simultaneously and independently by Dr. 
Stotz and his coworkers, and the findings of our two laboratories were 
discussed privately at this time and publicly at a symposium held in 1953 
(25). Since then it has become clear that the component absorbing at 
552 to 553 muy is the cytochrome c, first observed in 1940 by Yakushiji 
and Okunuki (29) and commented on by Theorell (26) in 1943. Slater 
(22) in 1949 cast doubt on the occurrence of cytochrome c; and concluded 
that the evidence of Yakushiji and Okunuki for the existence of this cyto- 
chrome was unsatisfactory. However, recent reports (2, 6, 9, 18, 28) 
from a number of laboratories leave little doubt as to the existence of cyto- 
chrome c;. Indeed, Keilin and Hartree (16) have obtained it in a purified 
form from heart muscle and identified it with the cytochrome e described 


* This work was supported in part by funds received from the Eugene Higgins 
Trust through Harvard University and from the Life Insurance Medical Research 
Fund. 

1 The following abbreviation is used: DPNH, reduced diphosphopyridine nucleo- 
tide. 
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by them earlier (15). These workers have most graciously adopted the | 
designation of cytochrome c, for this compound. | 

We describe here a simple procedure by which cytochrome c is removed 
from our heart muscle preparation without affecting the other cytochrome 
components. The ready visualization of cytochrome c; in the residue 
is thereby permitted (2). There is obtained by this treatment a prep- 
aration which is completely inactive in catalyzing the oxidation of DPNH, 
succinate, or p-phenylenediamine by oxygen, but which regains its full 
activity upon the sole addition of cytochrome c. These results thus indi- 
cate not only that cytochrome c is an indispensable component of the elee- 
tron transmitter system conveying electrons from these three substrates to 
oxygen, but that cytochrome ¢; cannot act as a substitute for cytochrome e. 


Methods and Results 


The general manometric and spectrophotometric procedures employed 
have been described in previous publications (3-5). The specific details 
of the experiments will be presented with the data. The cytochrome c 
employed was purchased from the Sigma Chemical Company. The prep- 
aration of the complex of beef heart muscle enzymes which provides the 
starting material for these experiments has been described (3). If a 10 
ml. portion of this enzyme preparation is centrifuged for 1 hour at 25,000 X 
g at 2—4°, there is obtained a reddish brown pellet with a volume of 0.7 to 
0.8 ml. If this pellet is homogenized with 5.0 ml. of a 0.05 m glycylglycine 
buffer, pH 7.4, and diluted to 10 ml., there is obtained a preparation which 
we have labeled glycylglycine homogenate. Volume for volume and with- 
out any supplements, it shows essentially the same enzyme activity as the 
original enzyme preparation. Data are presented in Table I which demon- 
strate this point with succinate, DPNH, or p-phenylenediamine serving 
as substrates. If the pellet from another 10 ml. portion of the same 
enzyme preparation is homogenized with 5.0 ml. of the same glycylglycine 
buffer, but which contains sodium deoxycholate to yield a 0.5 per cent 
solution, and this is then diluted to 10 ml., there is obtained what we have 
called a deoxycholate homogenate which shows little or no enzymatic 
activity (Table I). 

The enzymatic activity of this deoxycholate homogenate is restored, 
however, if it is supplemented with cytochrome c. In Table II, data are 
presented which show the effect of adding increasing amounts of cytochrome 
c to such a homogenate with the three different substrates. For compari- 
son, data are given upon the activities at varying cytochrome c concentra- 
tions of the original enzyme solution from which the homogenate was pre- 
pared. It will be seen that the activity of the homogenate is entirely 
dependent upon the addition of cytochrome c, the activity increasing as 
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TABLE I 
Effect of Deoxrycholate Treatment on Enzyme Activity 


Oxygen uptake, ul. per 10 min. 


Enzyme preparation | — 
Glyevlglycine homogenate................. 66 108 89 


purposes all the values are given for the first 10 minute period after adding the sub- 
strate and in terms of an amount of enzyme corresponding to 0.1 ml. of the original 
enzyme preparation, though less than this amount was employed per vessel in some 
cases (for example, DPNH). See the text for further details of the enzyme prep- 
arations. Temperature, 37.2°; gas phase, air. Each vessel contained 2.0 ml. of 0.1 
mM phosphate buffer, pH 7.38, 0.2 ml. of sodium succinate, 0.5 M, or 0.2 ml. of 
DPNH solution containing 8 mg., or 0.6 ml. of p-phenylenediamine, 0.2 mM; the en- 
zyme preparation; and water to make a total volume of 3.0 ml. No cytochrome c 
was added. 


TABLE II 
Effect of Added Cytochrome c on Enzyme Activity 
Oxygen uptake, ul. per 10 min. 
concentration Succinate | DPNH p-Phenylenediamine 
of added | 

Deoxycholate Original Deoxycholate Original Deoxycholate Original 

| homogenate enzyme homogenate enzyme homogenate enzyme 

M 

()* 0 03 0 56 5 99 
2X 10°77 4 
2x 10°6 23 64 64 36 
1 xX 10°° a7 SO 153 109 86 
2X 10°° 71 Sl 182 108 101 139 
4X 10° 72 S4 198 122 117 
10° 89 132 152 


The data given for succinate and DPNH oxidation were obtained with the same 
enzyme preparations and may therefore be compared. Experimental conditions are 
the same as those given under Table I, except for the addition of eytochrome c as 
indicated. The eytochrome ¢ was added as a solution, the concentration of which 
was determined spectroscopically by using a value of 26 & 10° for the molar extine- 
tion coefficient of the reduced form at 550 my. 

* The amount of evtochrome ¢ added in the enzyme homogenate itself can be cal- 
culated to vield a final concentration of cytochrome ¢ in the flask of the order of 
7X 10%. See the text for the caleulation of the amount of cytochrome c in the 
original enzyme preparation. 
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the cytochrome concentration increases. The original enzyme, which is 
active in the absence of added cytochrome c, also increases its activity upon 
the addition of cytochrome c. It will also be noted that, though the rela- 
tive oxygen uptakes vary with the different substrates, the effect of in- 
creasing the cytochrome c concentration in the homogenate preparation 
produces about the same percentage increase in activity with each. For 


.30 - 
25H 


.20 


2m 


450 500 550 600 650 


WAVE LENGTH - mu 


Fia. 1. The absorption spectra of the 0.5 per cent deoxycholate extract. Obser- 
vations were made at room temperature with a Beckman model DU spectrophotome- 
ter with use of a cell with a 1 em. light path. Curve 1, oxidized; Curve 2, reduced 
by the addition of solid dithionite. 


example, in all three cases the rate at a cytochrome c concentration of 
4 X is 3 times that at a concentration of 2 K 

These data suggest that the treatment with deoxycholate has served to 
release the intrinsic cytochrome c bound to the particulate enzyme prep- 
aration and so to dilute its effective concentration. That this is indeed 
the case can be shown by centrifuging such a deoxycholate homogenate at 
25,000 X g for 1 hour. Examination of the supernatant fluid so obtained 
shows that it contains cytochrome c. The absorption spectra of such a 
supernatant fluid are given in Fig. 1. The only cytochrome bands which 


| 
| || 
15 
Y 
X 


E. G. BALL AND O. COOPER 759 


his appear upon the addition of dithionite are those of reduced cytochrome c 
pon | at 550 and 520 mp. The other cytochromes of the preparation are found 
-ela- in the reddish pellet which forms. If this pellet is homogenized with a 
 in- 2 per cent deoxycholate solution in 0.05 m glycylglycine buffer, pH 7.4, 
tion and then centrifuged for 1 hour at 25,000 X g, there is obtained a rela- 
For tively clear supernatant fluid upon which absorption spectra measurements 
can be made. The results of such measurements have been published 
elsewhere (2), and clearly show the presence of cytochromes a, a3, b, and 
¢;. Suspensions of this pellet in phosphate or glycylglycine buffer will not 
catalyze the oxidation of succinate, DPNH, or p-phenylenediamine, but 
will do so upon the addition of cytochrome c. It is thus clear that the 
treatment with 0.5 per cent deoxycholate has caused the apparently com- 
plete dissociation of cytochrome c from the core of the electron transmitter 
system. 

With the data presented in Fig. 1 it is possible to make some estimates 
of the amount of cytochrome c bound to the particulate matter of the origi- 
nal enzyme solution. ‘The difference in density readings at 550 my be- 
tween the oxidized and reduced preparations (Fig. 1) is 0.075. Now 
Margoliash (20) gives a value of « = 18.5 X 10? for the difference in absorp- 
tion at 550 my between the reduced and oxidized forms of pure cytochrome 
c. Hence the concentration of cytochrome c in this deoxycholate super- 
natant fluid can be calculated to be 4.05 X 10° mole per liter. In this 
particular experiment the deoxycholate supernatant fluid was obtained by 
adding 5 ml. of 0.5 per cent deoxycholate solution in glycylglycine buffer to 
a pellet with a volume of 0.8 ml. The concentration of cytochrome c in the 
pellet must therefore have been 5.8/0.8 K 4.05 XK 10-° or 2.94 X 10-° 
mole per liter. 

In the light of this calculation it is of interest to consider the data in 
Table II. The rates given there for the oxidation of DPNH and succinate 


_ were obtained with the same enzyme preparation that yielded the data in 
i Fig. 1. Hence the activities in Table II for the original enzyme without 


added cytochrome c should represent values in which the “effective”’ cyto- 
chrome c concentration in the enzyme complex itself is of the order of 
3 X 10-> if it is assumed that under the condition of the experiment no 
intrinsic cytochrome c is lost from the particulate matter of the original 
to enzyme preparation. Now (Table II) the activity of the deoxycholate 
homogenate with succinate as substrate is restored to values which are 
ed similar to those of the unsupplemented original enzyme preparation when 
the amount of cytochrome c added is sufficient to produce a final concentra- 


at 

ed tion in the flask of the order of 1 X 10-' mM. Similarly, with DPNH as 
- substrate, values corresponding to the unsupplemented enzyme prepara- 
‘ch tion are reached in the homogenate when the added cytochrome c concen- 
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tration reaches values of only 2 X 10-6 mM. Thus, in the case of both sub. 
strates, activity comparable to the original enzyme is restored to the 
deoxycholate-treated particle when it is suspended in solutions of cyto- | 
chrome ¢ which have concentrations somewhat lower than that calculated 
to prevail in the original untreated particle. 

It will be noted that the activity of the deoxycholate homogenate with 
succinate as substrate never reaches that of the original enzyme solution 
even at high cytochrome c concentrations. This is to be expected, since 
it has been shown that the deoxycholate treatment also causes the dis- 
sociation of some of the ‘succinate dehydrogenase” activity from the 
particulate matter (2). A similar effect is not noted with DPNH as sub- 
strate, even though it can be shown that cytochrome c reductase activity 
is also dissociated from the particles by deoxycholate treatment.? Indeed, 
in the presence of cytochrome c the deoxycholate homogenate yields values 
for the oxidation of DPNH which are much greater than those shown by 
the original enzyme preparation under the same cytochrome c concentra- 
tion. The reason for this effect 1s not known to us at present, though a 
similar enhancement of activity by deoxycholate treatment has been 
noted for glucose-6-phosphatase, another enzyme bound to phospholipide 
particulate matter (1). 

The data for the oxidation of p-phenylenediamine (Table II) were ob- 
tained with a different enzyme preparation from the one used with the 
other two substrates. However, similar data were obtained upon this 
enzyme preparation which permit the calculation that the concentration of 
intrinsic cytochrome c in the particulate matter of this original enzyme 
preparation was 2.8 X 10-° m. Here the activity of the homogenate 
reaches that of the unsupplemented enzyme when the concentration of 
added cytochrome c reaches 2 XK 10-' mM. ‘The small amount of oxidation 
of p-phenylenediamine that occurs with the deoxycholate homogenate in 
the absence of added cytochrome c is due entirely to autoxidation, since 
similar values are obtained in the absence of the enzyme preparation. — If 
ascorbate is used as substrate instead of p-phenylenediamine, a similar 
pattern is obtained. 

DISCUSSION 

Numerous workers, e.g. Keilin and Hartree (12), Lockhart and Potter 
(17), and Slater (23, 24), have presented data to show that addition of cy- 
tochrome c to various tissue preparations stimulates the oxidation of 
succinate, DPNH, p-phenylenediamine, or ascorbate, and have thus estab- 
lished a role for cytochrome c in the passage of electrons from these sub- 
strates to oxygen. However, in all these studies the tissue preparations 


2? Unpublished data. 
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have shown some activity without the addition of cytochrome c, even 
when special efforts have been made to deplete the tissue preparation of 
its intrinsic cytochrome c, e.g. Borei and Bjérklund (7), Keilin and Hartree 
(13), and Tsou (27). Generally it has been assumed by these earlier 
workers that this residual activity of the unsupplemented tissue preparation 
is due to cytochrome c which still remains in their preparation. The pos- 
sibility that it was due, at least in part, to cytochrome c,; was not considered 
by these workers, since the general recognition of this cytochrome com- 
ponent had not been achieved at the time their studies were made. The 
more recent work of Stotz and his students (28) with a reconstructed 
succinate oxidase system furnishes good evidence that cytochrome c is 
an essential component of this system. The results presented here indi- 
cate that, in heart muscle, cytochrome c is an obligatory mediator in the 
passage of electrons, not only from succinate but also from DPNH to oxy- 
gen, and that cytochrome c; does not provide an alternate pathway for the 
flow of electrons from these substrates. Our results certainly lend no sup- 
port to the contention of Green (10) or Mackler and Green (19) that suc- 
cinate and DPNH oxidation in heart muscle can occur by a pathway not 
involving cytochrome c.3 

Much has been written about the relative enzymatic activities of the 
cytochrome c which is intrinsic to the particles of the electron transmitter 
system as compared to that which has been isolated by procedures such as 
those of Keilin and Hartree (14). Tsou (27) has most recently investi- 
gated this question and has reviewed the earlier literature on the subject. 
From the results presented here, we are inclined to agree with the views 
expressed by Keilin and Hartree (16) that there is no essential difference 
between the activities of exogenous and endogenous forms of cytochrome 
cand that the catalytic activity of cytochrome c in the electron transmitter 
system depends primarily upon its spatial relationship to the other com- 
ponents in the chain with which it must react. The results presented here 
indicate that the eytochrome c which is attached to the particulate structure 
of the isolated electron transmitter system is present in the wet packed 
particle at a concentration of the order of 3 X 10-° mole per liter. When 
this intrinsic cytochrome c is set free by deoxycholate treatment, the par- 
ticle loses all activity, but activity is fully restored when the particle is 
immersed in a solution of cytochrome c with a concentration somewhat 
less than 3 X 10-5 mole per liter. That activity is restored at concentra- 
tions of cytochrome ¢ in the bathing solution somewhat lower than that 
found in the untreated packed enzyme particle may indicate that some 
adsorption of cytochrome ¢ occurs on the treated particle to raise its effec- 

*'The oxidation of reduced triphosphopyridine nucleotide by this heart muscle 
preparation is dealt with by Ball and Cooper (Proc. Nat. Acad. Se., May (1957)). 
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tive local concentration. Nevertheless, it would appear that by and large 
it is the concentration of cytochrome c at the particle’s surface which is 
important in determining its activity, and not whether it is intrinsic or 
extrinsic cytochrome c. 

It is of interest to note that Shelton et al. (21) have calculated that the 
concentration of cytochrome c in intact liver mitochondria is of the order of 
2x 10-'m. The data presented by Hogeboom and Schneider (11) show 
that, after liver mitochondria are disrupted by sonic oscillations, some 50 
per cent of the total N and most of the cytochrome c of the intact mito- 
chondria appear in the pellet obtained by high speed centrifugation. Thus, 
according to the nitrogen figures, the concentration of cytochrome c in their 
pellet might be of the order 3-4 X 10-° M, a value similar to that reported 
here for the pellet obtained from heart muscle. 

The function of cytochrome c; is not defined by the results presented 
in this paper. If cytochrome c; is concerned in the passage of electrons 
from DPNH and succinate to oxygen, then our data suggest that it works 
in series with cytochrome c rather than in parallel. 

Some insight into the nature of the enzyme complex which comprises 
the electron transmitter system is afforded by the action of deoxycholate 
solutions upon it. As shown here, it is possible to remove cytochrome c 
completely from this complex by one treatment with a 0.5 per cent deoxy- 
cholate solution. As shown elsewhere (2), this same treatment also re- 
moves some of the succinate dehydrogenase activity as measured with 
cresyl blue or phenazine methosulfate as electron acceptors. According to 
experiments as yet unpublished, DPNH cytochrome c reductase is also 
removed. Simultaneously with the release of these enzymes from the 
particle there is a removal of a large part of the phospholipide (2) which 
is so abundantly present in these particles (3, 8). It seems reasonable 
to conclude from these results that cytochrome c, succinate dehydrogenase, 
and cytochrome c reductase may be attached to the particulate matter 
comprising the electron transmitter system by forces which involve the 
interplay of phospholipides. Evidence of a different type has been pre- 
sented before (8) for the possible role of phospholipide material as a cement 
substance in holding together this complex of enzymes. The hard core of 
this complex would appear to be composed, in part at least, of cytochromes 
a, a3, b, and ¢;, since these components remain bound together even after 
some 90 per cent of the phospholipide has been extracted by repeated 
treatments with 0.5 per cent deoxycholate solutions (2). 


SUMMARY 


A particulate enzyme preparation of heart muscle which transmits elec- 
trons from succinate, DPNH, or p-phenylenediamine to oxygen can be 
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completely inactivated by homogenization with a buffered 0.5 per cent 
deoxycholate solution. Activity can be fully restored by the simple 
addition of cytochrome c. It is shown that the deoxycholate treatment 
serves to set free the cytochrome c originally bound to the enzyme particles. 
The other cytochromes, including cytochrome c;, remain bound to the 
particulate matter. It is concluded that, in heart muscle, cytochrome c 
is an obligatory mediator in the passage of electrons from succinate, 
DPNH, or p-phenylenediamine to oxygen, and that cytochrome c, does 
not provide an alternate pathway for the flow of electrons from these sub- 
strates. 
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STUDIES ON THE FIXATION OF RADIOSELENIUM 
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There is abundant evidence that selenium is associated with various pro- 
teins from plant tissues, and in the mammalian organism the binding of 
selenium by proteins has been demonstrated in studies of proteins from 
blood (1, 2), liver (3), and leucocytes (4). 

A possible hypothesis is that selenium, having properties similar to those 
of sulfur, may displace the amino acid sulfur or that its fixation involves 
the binding of sulfhydryl groups (5). Thus far no seleno analogues have 
heen isolated in pure form except the amino acid complex containing sele- 
nium and sulfur reported by Horn and Jones in 1941 (6). The tentative 
structural formula which they suggested for this crystalline substance iso- 
lated from astragalus pectinatus characterized it possibly as a mixture of 
cystathionine and its selenium analogue. 

Recent in vivo studies (7, 8) with paper electrophoresis of Se7*-tagged dog 
serum proteins have revealed that Se7> is bound to certain fractions of the 
serum proteins in varying amounts. 

In the present work, by use of tracer and chromatographic techniques, 
attempts have been made to determine the form in which Se? is incor- 
porated in the protein molecule with the ultimate aim of elucidating the 
mechanism and type of binding that occur between selenium and protein. 
Dog liver protein, tagged in vivo with radioselenium, was purified and hy- 
drolvzed. The constituent amino acids thus obtained were separated by 
different techniques of paper chromatography; the chromatograms were 
then assayed sectionally for radioactivity. In this way the distribution of 
Se” was determined. 

The present results indicate that the hydrolysate of Se7*-tagged, purified 
protein of dog liver, obtained by the methods to be described, contained at 
least three different compounds containing radioactive selenium. 


Methods and Results 
Assay for Radioactivity Vhe isotopic technique for the assay of Se?® was 
carried out ina well type Berkeley scintillation detector which contained a 
* Presented before the Division of Biological Chemistry at the 129th national 
meeting of the American Chemical Society, Dallas, Texas, April 9, 1956. 
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sodium iodide crystal and operated at 830 volts with a background of 250 
c.p.m. The sections of paper cut from the completed, air-dried chromato- 
grams were used directly for counting. All aliquots of solutions concerned 
with extractions, hydrolyses, elutions, and Se7* standardization were counted 
in liquid form. 

Preparation of Liver ‘‘Proteins’’—A 25 kilo dog was injected subcutane- 
ously with 1.6 me. of Se7Cl,, dissolved in 0.61 nN HCl, representing 3.27 
mg. of Se. 48 hours later the liver from the animal killed was homogenized 


TABLE 
Distribution of Radioactivity in Various Extracts of Liver 


hole I; 
Extractions 
Extraction, hot 06% CsH,OH.....................0.cene- 6.71 + 1.31 
Extraction, 6% trichloroacetic acid at room temperature. 0.40 + 0.14 
Purified ‘‘protein’”’ (75.3 + 46.47 + 3.57 


* Heinrich and Kelsey (11), in time-distribution studies of sodium selenite in the 
mouse, found that dried homogenates contained consistently less selenium than the 
wet tissues or homogenates. The loss was attributed to volatile selenium com- 
pounds, and in the liver the volatile selenium fraction was determined to be 22 to 
46 per cent. In the present work, ‘‘volatile Se’’ is expressed as per cent of original 
fresh liver activity volatilized during the alcohol and ether extractions. It is cal- 
culated as follows: per cent volatile Se75 = 100 X (activity of fresh liver — (activity 
of liver residue + activity of alcohol-ether extracts)/activity of fresh liver). 


and extracted with 95 per cent ethyl alcohol for 24 hours by the Soxhlet 
technique and for a similar period of time with ethyl ether. The residual 
material was extracted with 10 per cent NaCl at 85° for 6 hours with ocea- 
sional shaking, and the supernatant fluid was discarded. The residue was 
extracted three times at room temperature with 6 per cent trichloroacetic 
acid, washed with water, 95 per cent ethyl alcohol, absolute ethyl alcohol, 
and ethyl ether, and dried at room temperature. This purified powder 
was designated as dog liver “protein” (9). It was found by micro-Kjeldah! 
nitrogen determinations (10) that 75 per cent of this “‘protein” powder was 
protein (7.e. N X 6.25). With the value 1.35 X 10° ¢.p.m. per y of Se, 
the specific activity of a standard sample of Se7°Cl, it was calculated that 
four whole, fresh liver samples contained 0.3709 + 0.031 y of Se per gm. 
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and nine liver protein powder samples contained 1.179 + 0.093 y of Se 
pergm. ‘Table I shows the percentage of original liver activity extracted 
with the various solvents. 

Hydrolysis of Protein Fraction—The powdered dog liver protein was 
subjected to acid hydrolysis by refluxing with 30 times its weight of 6 N 
HC! for 6 hours. The HCl was removed by distillation in vacuo and the 
concentrated hydrolysate was dissolved in 10 per cent isopropyl alcohol. 
The isopropyl] alcohol solution of the hydrolysate was chromatographed in 
either the crude form or in the resin-purified form described below. 

Charcoal and Ion Exchange Treatment of Crude Hydrolysate—In some ex- 


TaBLe II 


Treatment of Liver Protein Hydrolysate Containing Se*® with lon Exchange Resin 
(Dower 50 X8; 20 to 50 Mesh)* 


Column, 1 X 5 em. 


Volumes of eluents used Se75 eluted 
Eluen 

No. Experiment | Experiment | Experiment | Experiment 

I II I II 

mil. ml. per cent per cent 
1 Water 40 54 3.1 3.9 
2 0.8 N HCI in 55% C.H,OH 882 1000 74.5 71.4 
3 1n HCl | 60 25 0.5 1.1 
4 | 150 202 9.5 12.4 
5 Residual Se*® on resin | | | 7.3 11.4 


* Modified method of Mueller et al. (13). 


periments, the crude hydrolysate solution was clarified with charcoal and 
then desalted by ion exchange resins before separation of the constituent 
amino acids by paper chromatography. About 48 per cent of the Se? ac- 
tivity could be eluted from the charcoal with 5 per cent phenol in 20 per 
cent acetic acid (12); the typical amino acids were subsequently identified 
in the eluate by small scale paper chromatography. The protein hydroly- 
sate resulting from the clarification with charcoal was treated with Dowex 
50 X8 (20 to 50 mesh) ion exchange resin, and subsequent elutions are 
shown in Table II. The resin was prepared in the acid cycle according to 
Moore and Stein (14) and Hirs, Moore, and Stein (15). The desalting 
procedure and elution of the amino acids were carried out on a column 1 X 
5 em. in a sintered glass type chromatographic tube according to the pro- 
cedure of Mueller, Bowman, and Herranen (13). In this procedure it was 
found that, of a total activity in the hydrolysate added to the resin, only 
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about 56 per cent could be eluted from the resin with the reeommended 
volumes of eluents. It is of interest to note here that Piez and Eagle (16) 
found that the presence of C' in an amino acid resulted in detectably 
slower movement on the ion exchange column. In the present work, if 
the resin was eluted repeatedly with multiples of the recommended vol- 
umes of the eluents (Table II) until the final eluate in each case was ac- 
tivity-free, then from 87.6 to 88.8 per cent of the total activity applied to 
the resin could be eluted according to the type of modified technique used. 
Thus it was found necessary to modify the elution technique of Mueller 
et al. by using larger volumes of eluents in order to remove both the amino 
acids and the activity, which were held tenaciously by the resin. The 
eluates from the resin-treated (desalted) hydrolysates were concentrated 
in vacuo and the residues were taken up in 10 per cent isopropyl! alcohol. 
A loss of activity occurred when the eluates were thus concentrated by 
vacuum distillation, 7.e. 57.6 per cent for the 0.8 N HCl in 55 per cent 
ethyl alcohol eluates and 71.3 per cent for the 6 N HCl eluates. The losses 
of selenium activity during the concentration of relatively large volumes of 
eluates may be attributed in part to the decomposition effects of prolonged 
heating in the presence of HCl and atmospheric oxygen on the selenium 
analogues of the sulfur-containing amino acids (17, 18). For example, al- 
though the stability of selenocystine as compared with cystine under the 
conditions mentioned above has not been established, it would be expected 
that the selenium and sulfur amino acids react similarly, since it is known 
that the properties and chemical reactions of selenium-containing com- 
pounds are like those of the sulfur-containing analogues (5). 

In two separate resin experiments an average of 96.2 per cent of the total 
activity originally applied remained on the resin before elution, and 3.5 
per cent was washed off the resin with water. The results showed that 73 
per cent of the original hydrolysate activity was eluted with 0.8 n HCl, 
while 11.0 per cent was eluted with 6 nN HCl. After all elutions (Table II, 
EFluents 1 to 4), an average of 9.3 per cent of the activity remained on the 
resin, apparently irreversibly bound in so far as the method used was con- 
cerned. An average of 97.5 per cent of the total activity applied to the 
resin was recovered, including that which remained on the resin. 

Paper Chromatography—Purified and crude amino acid preparations of 
dog liver protein hydrolysates were chromatographed in both one and two 
dimensions by different techniques, and the eighteen amino acids normally 
found in liver protein were resolved. The solvent systems recommended 
by Rockland and Underwood (19) were used throughout the experiments. 
A tert-butyl alcohol-formic acid-water mixture constituted the first solvent, 
and a single phase phenol-ammonia-water mixture the second solvent. 
Whatman filter paper No. 3 MM was used in all cases, and the chromato- 
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grams were developed with the ninhydrin reagent of Underwood and Rock- 
land (20). For the most part, a large scale technique was used, similar to 
that of Williams and Kirby (21), in which 15 X 15 inch paper, formed into 
a cylinder, was run by ascending development in a simplified manner in a 
cylindrical glass jar 6 inches in diameter and 18 inches in height. Other 
experiments were run by one-dimensional descending chromatography, 
with Solvent I on long paper strips 0.5 X 40 inches, in an improvised ap- 
paratus. The latter consisted of a glass tube, 1 inch in diameter and 40 
inches long, secured in a vertical position. The lower end was attached to 
a 150 ml. Erlenmeyer flask containing 60 ml. of Solvent I for equilibration 
purposes, while the upper end was fastened to an L glass tube having a 
90° angle. To the L was attached another 150 ml. Erlenmeyer flask con- 
taining 60 ml. of Solvent I. The paper dipped into the top flask about 4 
inches below the spot of application of the amino acid sample and the 
solvent flowed downward. After about 10 days, the paper was removed 
from the apparatus and dried. The front was marked under ultraviolet 
light and the strip was developed in the usual way with ninhydrin reagent. 

Chromatograms of the purified hydrolysates of dog liver protein were 
prepared in both one and two dimensions on 15 X 15 inch paper and in one 
dimension on 0.5 X 40 inch paper in an attempt to assay the individual 
amino acid areas and ascertain distribution of Se7> on the chromatograms. 
However, in the course of hydrolysate purification, activity was lost to the 
charcoal and to the resin and during concentration of the eluates. Thus 
two-dimensional chromatograms, prepared with optimal amounts of the 
purified amino acid hydrolysates for good resolution, yielded activity con- 
centrations which were too low for significant counting; the results from 
these were inconclusive. One-dimensional 15 * 15 inch chromatograms, 
prepared with excessive amounts of the purified hydrolysates in Solvent I, 
when cut and assayed by R, sections, revealed concentrations of activity 
in the areas of Ry 0.1, 0.65, and 1.0. 

To obviate the horizontal diffusion encountered in this type of chromato- 
gram and to resolve the amino acid separation to a greater extent, the long, 
narrow paper strips were used. These were run by descending technique 
as described above. With this method, an excessive load of purified hy- 
drolysate again yielded three areas of activity concentrated at Ry 0.1 to 
0.2, 0.6 to 0.7, and 0.8 to 0.9. 

More conclusive results were obtained from chromatograms prepared 
with “‘ecrude,”’ non-purified hydrolysates. In this work two types of two- 
dimensional chromatograms 15 X 15 inches were prepared: (a) an optimal 
quantity of ‘‘crude” hydrolysate was applied to each of ten papers; each 
chromatogram was cut in squares by R, values, and ten similar Rp squares 
were pooled and assayed, resulting in good amino acid resolution as well as 
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significant activity distribution; (b) 10 times the optimal amount. of crude 
hydrolysate was applied to a single paper; the chromatogram was cut in 
squares by Ry values, and these were assaved for activity. In general, the 
results of experiments of both the (a) and (b) type were similar. In both 
cases three concentrations of activity were noted: one in the cystine-seleno- 
cystine area, another in the methionine-selenomethionine area, and a third 
in the leucine area. These areas were located by Ry values referred to a 
two-dimensional map of pure amino acids prepared by the same method. 
In the (b) type experiment, it was observed that 46 per cent of the total 
activity applied was concentrated in three areas. It was found that 27.2, 
19.3, and 6.3 per cent of the activity applied to the chromatogram were 
present in the cystine-selenocystine, methionine-selenomethionine, and leu- 
cine areas, respectively. The results for the (b) type experiment are 
shown in Fig. 1. 

In a series of experiments employing the long, narrow chromatographic 
technique, chromatograms of the crude hydrolysate, when assayed by R; 
sections and plotted, also showed three areas of activity concentration with 
peaks at Ry 0.15, 0.65, and 0.95. These peaks were compared with R, 
values obtained by chromatographing the following pure amino acids by 
the same technique: L-methionine, selenomethionine, L-cystine, selenocys- 
tine, and those usually found in the leucine area, namely leucine, isoleucine, 
valine, and phenylalanine. The results of this comparison are shown in 
Fig. 2, Curve A. 

Precipitation Tests Since it was assumed that was present in a form 
similar to an amino acid, certain procedures for precipitation of amino acids 
were employed. These were carried out to test the solubility of Se7° com- 
pounds with specific reagents. The precipitating reagents included phos- 
photungstic acid (9), mereuric acetate (22), and cuprous chloride (23). 
The results of the precipitation experiments carried out on the crude hy* 
drolysate are shown in Table III. About 75 per cent of the Se7> was pres- 
ent in the insoluble mercuric salts. It is of importance to note that the 
copper salt of selenocystine can be precipitated under conditions similar 
to those for the precipitation of cystine. 72 per cent of the Se™ activity of 
the protein hydrolysate was precipitated with formation of the copper salt. 
The bases and cystine, along with small amounts of other amino acids, are 
known to be precipitated by phosphotungstic acid. The experiments indi- 
cated that approximately 64 per cent of the Se” activity in the protein 
hydrolysate was precipitated with phosphotungstic acid. Information ob- 
tained from the precipitation studies suggests that the greater part of the 
Se” activity is in the form of an amino acid, possibly selenocystine. This 
contention is further substantiated by the fact that a radioactive compound 
is liberated from the copper salt of the hydrolysate by the thiocyanate- 
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pyridine method of Rossouw and Wilken-Jorden (23). This compound, 
when chromatographed by the 15 & 15 inch two-dimensional technique and 
by the long strip method, appears in the Ry area of selenocystine. The re- 
sults of the long strip assay of this compound are shown in Fig. 2, Curve B. 


SELENO - METHIONINE 


AREA 
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Fig. 1. Chromatography of a liver protein hydrolysate from an Se75-injected dog. 
lem. = 20¢.p.m. Solvent I used was tert-butyl alcohol-formic acid-water; Solvent 
II, phenol-ammonia-water. Areas of greatest activity included Area A, Solvent I, 
Rr 0.0 to 0.4, and Solvent II, Rp 0.3 to 0.6; Area B, Solvent I, Re 0.5 to 0.8, and Sol- 
vent IT, Ry 0.8 to 1.0; and Area C, Solvent I, ?y 0.9 to 1.0, and Solvent IT, Ry 0.5 to 
0.8. The percentages of total chromatogram activity found in Areas A, B, and © 
were, respectively, 27.0, 19.8, and 6.3 per cent. Determined Ry values for known 
amino acids were, for Solvent I, L-eystine 0.083, selenocystine 0.082, L-methionine 
0.65, and selenomethionine 0.69; for Solvent II, L-cystine 0.336, selenocystine 0.395, 
L-methionine 0.79, and selenomethionine 0.79. Total activity added to chromato- 
gram was 17,726 ¢.p.m.; total counts found, 17,045 ¢.p.m.; recovery, 96.2 per cent. 
Area A = selenocystine; B = selenomethionine; and C = leucine. 
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Fic. 2. One-dimensional chromatography (0.5 X 40 inches). Distribution of 
Se7® in dog liver protein hydrolysate. Curve A, solvent system used for descending 
chromatograms was tert-butyl alcohol-formic acid-water. The solid line represents 
average values for four chromatograms; the vertical lines indicate the range of 
values. The upper part of the figure shows average FR» values for crystalline amino 
acids and the hatched area indicates the range of values. Amino acids in the leucine 
area included leucine, isoleucine, valine, and phenylalanine. Per cent of total chro- 
matogram activity is shown for Ry 0 to 0.4, 0.4 to 0.8, and 0.8 to 1.0. Recovery of 
added counts was 102.3 4+ 6.3 per cent. Curve B, chromatograms of amino acid 
fractions liberated from the copper salt of the liver protein hydrolysate by the thio- 
cyanate-pyridine method of Rossouw and Wilken-Jorden (23). Solvent system used 
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Fic. 2. Continued. 


for descending chromatograms was fert-butyl alecohol-formic acid-water. The solid 
line represents average values for four chromatograms; the vertical lines indicate the 
range of values. Per cent of the total chromatogram activity is shown for Rp 0 to 
0.4. Recovery of added counts was 99.96 + 6.73 per cent. 


DISCUSSION 


It should be emphasized that under the experimental conditions outlined 
here there are only trace amounts of selenium in the tagged liver protein 
compounds. Calculations showed that 1 gm. of purified liver protein con- 
tained about 1 y of Se. From the radioactivity concentrations present in 
the cystine area of the two-dimensional paper chromatograms, if all the 
selenium were in the form of selenocystine, there would be approximately 
0.03 y of selenocystine present. In the experiments reported here, two very 


TaBLeE III 
Precipitation of Se’® from Liver Protein Hydrolysate by Various Amino Acid Reagents 
No. of Biblio- 
Reagent determin- Se?5 in ppt. Amino acids known to be pptd. graphic 
ations reference 
per cent 
Mercurie acetate........ 3 75.0 + 2.8 | All but proline, valine (22) 
Phosphotungstic acid...| 4 63.9 + 6.5 | Basic aminoacids,cystine| (9) 
Cuprous chloride...... 7 72.1 + 2.01 | Cystine, selenocystine (23) 


sensitive microtechniques (paper chromatography and radioactive tracer 
techniques) were employed in an attempt to identify the seleno compounds 
in liver protein hydrolysate. From experimental evidence reported here 
and elsewhere (2), it appears that in the mammalian tissues there is a def- 
inite fixation of trace amounts of selenium in the protein matrix and that 
the seleno compounds are probably amino acids. Dialysis, ion exchange, 
precipitation, and electrophoresis studies (4, 5) support this contention. 
In the first place, it has been shown that the selenium in the protein liver 
powder is non-dialyzable against distilled water at 4° and is insoluble in 6 
per cent trichloroacetic acid. Secondly, the seleno compounds behave like 
amino acids in that they are retained by Dowex 50 ion exchange resin and 
are eluted along with the eighteeen amino acids normally found in liver 
protein, as shown by paper chromatographic techniques. Also, the possi- 
bility of selenium in the inorganic form as SeCl, in 0.61 N HCl or aqueous 
Na»SeO, has been ruled out since these compounds are not retained by the 
ion exchange resin. In the third place, most of the radioactivity in the 
protein hydrolysate was precipitated by certain amino acid-precipitating 
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reagents such as mercuric acetate, cuprous chloride, and phosphotungstic 
acid, 

The large scale, two-dimensional, 15 & 15 inch and the long, narrow, one- 
dimensional paper chromatograms of the protein hydrolysate show that 
there are three distinct areas of activity concentration, with the greatest 
concentration in the cystine-selenocystine area, less in the methionine- 
selenomethionine area, and the least in the leucine area. The small ac- 
tivity in the leucine area cannot be accounted for at the present, and the 
possibility exists that it may be a naturally occurring, yet unidentified 
compound, or that it may be an artifact resulting from the purification and 
hydrolytic processes employed. Cystathionine and lanthionine, and in all 
probability their selenium analogues, have Ry values that are in the area 
of cystine and selenocystine. The fact that the active compounds may be 
one or both of these substances has been considered. It is apparent from 


examination of the data that the center of Se7 activities in the chromato- — 


grams does not coincide exactly with the predetermined centers for known 
selenium compounds. The large amounts of hydrolysates used in order to 
obtain sufficient activity probably can account for the excessive diffusion 
and distortion of the Ry values. Nevertheless, it is obvious that most of 
the Se*® activity appears in the vicinity of selenocystine and selenomethi- 
onine. 

It is of interest to draw a parallel between what is known concerning the 
metabolism of inorganic sulfur and that of selenium. Since selenium and 
sulfur are similar chemically, the possibility exists that both these sub- 
stances can be metabolized in the same manner. Dziewiatkowski (24) 
showed that S** administered to the rat as sulfide was incorporated in the 
mercapturic acid synthesized after bromobenzene administration, and that 
cystine isolated from hair, liver, skeletal muscle, and skin contained small 
amounts of S*. Smythe and Halliday (25) established that inorganic sul- 
fur may be converted into organic sulfur. They demonstrated in vitro 
that Na.S* may be converted to cysteine-S* in the presence of a suitable 
liver enzyme system. Thus it appears likely that a metabolic process may 
take place with selenium similar to that with sulfur in the conversion of 
inorganic selenium to organoselenium. 

In plant life, the possible similar metabolic behavior of selenium and sul- 
fur is emphasized in the studies of Schrift (26) on the antimetabolite action 
of selenate on the growth of Chlorella vulgaris. In these studies it appeared 
that the toxicity of selenium in the form of selenate involved an interfer- 
ence with normal sulfur metabolism of plants. When selenate is supplied 
to the plant, it can be metabolized te some degree by the same enzyme 
system that reduces sulfate; apparently, this is due to the chemical simi- 
larity of selenium and sulfur. In this way selenium analogues of the 
sulfur amino acids and probably various other selenium-containing metabo- 
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lites may be formed, each contributing to the over-all toxicity. The evi- 
dence shows that selenate toxicity involves more than the prevention of 
sulfate utilization. Selenate acts as an antimetabolite and is itself metab- 
olized into organic forms, presumably one or more of the selenium analogues 
of the naturally occurring sulfur amino acids. 

Since the completion of the above experiments, it has been brought to 
our attention that Smith (27)! separated the selenium compounds in sele- 
niferous plant protein hydrolysates by paper partition chromatography. 
As we observed in animal tissue, he found three separate concentrations 
of selenium which were determined by a quantitative chemical method on 
paper chromatograms of hydrolysates from seleniferous wheat gluten and 
seleniferous corn protein. The selenium concentrations corresponded chro- 
matographically to selenocystine, selenomethionine, and a third unknown 
compound at approximately R, 1.0. 


SUMMARY 


Experiments were carried out by use of tracer and chromatographic 
techniques in an attempt to determine the form in which Se’ is incor- 
porated in liver proteins. In order to accomplish this, dog liver proteins 
tagged in vivo with Se7* were purified and hydrolyzed, and the constituent 
amino acids thus obtained were separated by techniques of paper chro- 
matography. The chromatograms were assayed sectionally for radioac- 
tivity, and the distribution of Se7> was determined. The results indicated 
that the hydrolysate contained at least three different compounds contain- 
ing radioactive selenium. These compounds behaved like amino acids in 
ion exchange and precipitation studies and were isolated along with the 
amino acids found normally in liver protein by paper chromatography. 
Se7> present in liver protein hydrolysate concentrated around three distinct 
areas on the paper chromatograms. The greatest concentration of ac- 
tivity appeared in the areas where cystine and selenocystine were found. 
The second greatest concentration appeared near the area of methionine 
and selenomethionine, and the third concentration appeared in an area 
adjacent to the leucines. The possible similarity of sulfur and selenium 
metabolism in the mammalian organism is discussed. 


We acknowledge with great appreciation the following sources of seleno 
analogues of amino acids: Dr. Alex Schrift, University of Pennsylvania; 
Dr. August A. Di Somma, Columbia University; Wyeth Institute for Medi- 
cal Research, Philadelphia; and Dr. O. FE. Olsen, South Dakota State Col- 
lege Agricultural Experiment Station. 


1 We are indebted to Dr. A. L. Moxon and Dr. Carl W. Bonhorst for bringing this 
thesis to our attention. 
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THE MICROESTIMATION, DISTRIBUTION, AND BIO- 
SYNTHESIS OF 2,3-DIPHOSPHOGLYCERIC ACID* 


By JACK C. TOWNE,t VICTOR W. RODWELL, ann SANTIAGO GRISOLIAT 


(From the McIlvain Laboratories, Department of Medicine, University of Kansas 
Medical Center, Kansas City, Kansas) 


(Received for publication, October 1, 1956) 


Since the discovery of DPGA! in the erythrocytes of the pig, dog, and 
man (1), extensive studies of its distribution (2) have indicated that it is 
present in high levels in the erythrocytes of most mammals. However, its 
presence is doubtful in the erythrocytes of several ungulates, and it is 
absent from those of birds and reptiles. The ability of red blood cells to 
synthesize DPGA has been found to be limited to the species which contain 
it (3). Moreover, it has been reported that a diphosphoglyceric acid 
mutase is present in rabbit erythrocytes, but not in rabbit muscle or beef 
erythrocytes (4). Since DPGA appears to act as an intermediate in the 
PGAM-catalyzed interconversion of 3-PGA and 2-PGA (5), there is a 
probability that DPGA or the enzymes connected with its synthesis have a 
wider distribution than has heretofore been anticipated. Data in support 
of this view have recently appeared (6, 7). 

Formerly, estimations of DPGA had been made by use of the relative 
stability of this substance to acid hydrolysis or by the glyceric acid test of 
Rapoport (8). Both methods are non-specific, and the test of Rapoport 
could not be reproduced by us or by others (9). This paper describes 
enzymatic assays for DPGA based upon the catalytic effect of DPGA on 
PGAM. These assays are sensitive, reasonably specific, and are applica- 
ble to biological extracts containing as little as 0.005 umole of DPGA per 
ml. Studies on the biosynthesis of DPGA are also reported. 


Methods and Materials 


DPGA was synthesized by the method of Baer (10) and isolated as the 
acid tribarium dimer monohydrate salt. Analyses for barium and phos- 


* Supported by grant No. 67, The Helen Hay Whitney Foundation, and No. 
H-1925, National Institutes of Health. 

t Postdoctorate Fellow of the National Heart Institute, National Institutes of 
Health. Present address, Institute for Psychosomatic and Psychiatric Research 
and Training, The Michael Reese Hospital, Chicago, Illinois. 

t Established Investigator of the American Heart Association. 

1The following abbreviations are used in this paper: DPGA, p-2,3-diphospho- 
glyceric acid; 3-PGA, p-3-phosphoglyceric acid; 2-PGA, v-2-phosphoglyceric acid; 
Tris, tris(hydroxymethyl)aminomethane; PGAM, phosphoglyceric acid mutase; 
ADP, adenosine diphosphate; ATP, adenosine triphosphate; PEP, phosphoenol- 
pyruvie acid; HDP, fructose 1,6-diphosphate; DPN, diphosphopyridine nucleotide. 
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phate content gave 97.1 and 94.0 per cent, respectively, of the theoretical 
values. DPGA was also isolated from pig blood by a modification of the 
procedure of Greenwald (1). The isolated material was 99 per cent pure, 
according to DPGA assay, and contained 0.3 per cent inorganic phosphate, 
but no ribose or adenine. pL-2-Phosphoglycerate was synthesized and 
purified by the method of Warburg and Christian (11). Samples of syn- 
thetic crystalline trisodium p-2-phosphoglycerate and of the barium salts 
of 3-PGA and DPGA were kindly supplied by Dr. Clinton Ballou. Pyru- 
vic acid was determined by the method of Friedemann and Haugen (12), 
and inorganic phosphate by that of Gomori (13). Pyruvic kinase was 
prepared according to the method of Kornberg and Pricer (14). The 
product of approximately 50 per cent purity before gel absorption was 
used and was kept lyophilized. 

The crystalline, acid barium salt of 3-PGA (Schwarz Laboratories, Inc.) 
contains DPGA,? and is therefore not suitable for the enzymatic assays for 
DPGA deseribed in this paper. Synthetic 3-PGA appears to contain a 
lower contamination of DPGA.  Recrystallization of the acid barium or the 
cyclohexylammonium salts of 3-PGA was not effective in removing the 
contamination. This was achieved by the following ion exchange chro- 
matographic procedure. 

Procedure— Dowex 1-X8, 200 to 400 mesh (a gift of the Dow Chemical 
Company, Midland, Michigan), was washed with acetone until the acetone 
washings were clear; it was then washed successively with distilled water, 
2 N NaOH, distilled water, acetone, distilled water, and 2 x HCl. The 
entire cycle of washings was repeated once. After the resin was washed 
free from the HCl, a column (1 sq. cm. X 6 ecm.) was prepared. 28.6 
gm. of the acid barium salt of 3-PGA were mixed in 40 ml. of H.O; 16.0 
ml. of 10 nN H.SO, were added with stirring, and the mixture was centri- 
fuged at 5000 X g for 10 minutes. The supernatant solution was retained, 
and the BaSO, residue was washed twice with 50 ml. portions of H,0. 
All supernatant solutions were combined and diluted to 4.0 liters to give 
0.02 m 3-PGA at pH 1.85 to 1.88. This solution was percolated through 
the column, and the effluent was collected. After the entire 3-PGA solu- 
tion had passed through the column, the column was washed with about 
40 ml. of water. This solution was concentrated zn vacuo to about one- 
tenth of its volume, brought to pH 4.0 with dilute KOH, and excess BaCl:-- 
2H:0 was added. After complete solution, 2 volumes of 95 per cent 
ethanol were added slowly. The acid barium salt of 3-PGA which crystal- 
lized upon standing for several hours at —20° was collected by filtration. 
The crystals were washed with 65 per cent ethanol, then with 95 per cent 


2 The extent of this contamination has been estimated by Method 3 to be 0.0026 
mole of DPGA per mole of 3-PGA. 
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ethanol, and dried in vacwo over CaClo; yield, 24.2 gm. The effect of puri- 
fication of 3-PGA by ion exchange treatment is illustrated in Fig. 1. 
Enolase was prepared from Anheuser-Busch dried bottom yeast, strain 
BSC, by the method of Warburg and Christian (11). The second ethanol 
fraction was lyophilized and stored in vacuo at 5° over anhydrous CaCl. 
It retained its activity for over 1 year. This preparation is not suitable 
for use in the first modification of the spectrophotometric assay for DPGA 
(see below). At this stage of purity, the ratio of enolase activity to PGAM 
activity was 96. However, this ratio can be raised to more than 10,000 
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Fic. 1. The effect of ion exchange treatment of 3-phosphoglyceric acid. Each 
cuvette contained the components for measuring DPGA activity as indicated for 
Method 2, except that the assay was performed at pH 7.0. Curve A, 12.0 umoles of 
potassium 3-PGA; Curve B, column-treated 3-PGA, 10.6 uwmoles plus 0.017 pmole 
of DPGA; Curve C, column-treated 3-PGA, 10.6 uwmoles. 


by the following procedure conducted at 5°. 3 ml. of a solution of the 
lyophilized enolase preparation (5 mg. per ml.) are poured on to a column 
(13 & 200 mm.) of Dowex 1-X2 in the chloride form. The column is then 
washed with cold, distilled water. The first 6 to 7 ml. of effluent are dis- 
carded, and the next 10 ml. are collected. This latter fraction contains the 
enolase activity and gives a ratio of enolase to mutase activity as high as 
12,500.23 This solution is neutralized to pH 7 and may be stored frozen. 
Phosphoglyceric acid mutase was partially purified by acetone fractiona- 
tion of a water extract of rabbit muscle acetone powder. The fraction 


*’ The ratio of enolase to mutase activity obtained after ion exchange treatment 
varied considerably with this procedure. However, if the ratio obtained is too low, 
another passage through a freshly prepared resin column is sufficient to raise the 
ratio. 200 to 400 mesh resin is best. 
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precipitating between 40 and 48 per cent acetone at 0° was dissolved in 
water and lyophilized. The dry powder which contains both PGAM and 
enolase activity is stable over a period of months when stored in a vacuum 
desiccator in the cold. Activities at pH 7.0 are 35 and 98 units (15) per 
mg. of powder per minute at 30°, respectively, for PGAM and enolase. 

Preparation of Samples—Assays for DPGA were made on neutralized 
perchlorate filtrates of diluted hemolyzed red blood cells or on boiling water 
extracts of diluted hemolysates as indicated below. When analyses were 
made on bloods of species containing little or no DPGA, dilutions were 
restricted to obtain hemolysis of the cells. 

Red blood cells tested for biosynthesis of DPGA were hemolyzed and 
used as such, except when endogenous DPGA content was high. In this 
case, the hemolysate was first dialyzed against cold tap water for 24 hours. 

Extracts of tissue samples were made in the cold by either grinding the 
tissues with sand or homogenizing in a Waring blendor with 5 volumes of 
cold saline solution and centrifuging for 20 minutes. Recoveries of DPGA 
were estimated by adding 0.14 umole to samples just before deproteiniza- 
tion or heat inactivation. Phosphatase activity (enzymatic inactivation 
of DPGA) was estimated by incubating samples of tissue extracts with 
0.14 wmole of DPGA at 38° for 10 minutes, followed by deproteinization 
and estimation of residual DPGA. 


Assay Procedures 


Spectrophotometric Assays—The method of following PGAM activity 
suggested by Warburg and Christian (11) and used by Sutherland e¢ al. 
(5) for demonstrating the catalytic effect of DPGA on PGAM was the 
basis for the spectrophotometric methods for DPGA assay. 

Method 1—The conditions for Method 1 are as follows: In a quartz 
cuvette are placed the neutralized DPGA sample; 0.50 ml. of a solution 
containing PGAM-free enolase, 40 units (15); Tris buffer, pH 7.0, 200 
umoles; MgSQO,, 30 umoles; pi-2-phosphoglycerate, 1.8 umoles; and water 
to 2.9 ml. The contents are mixed and allowed to equilibrate in a Beck- 
man model DU spectrophotometer, equipped with thermospacers, at 30°. 
The initial optical density is recorded at 240 my against a blank containing 
all the components of the reaction except the pL-2-phosphoglycerate. At 
zero time, 0.10 ml. of PGAM solution containing 1.8 units is added to the 
blank and reaction cuvettes, and the decrease of the optical density is 
followed for several minutes. The endogenous rate of reaction is also 
determined. 

The initial rates are calculated from graphs. The rates of reaction are 
linear only at low DPGA concentrations. At fixed DPGA and PGAM 
concentrations, varying the enolase concentration used in the assay does 
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not affect the rate. However, at fixed DPGA and enolase concentrations, 
varying the PGAM concentration varies the rate. Hence it is important 
to standardize the assay with fixed concentrations of PGAM. 

The standard curve for DPGA is presented in Fig. 2... A linear response 
for DPGA is observed with noted break in the curve at 3 K 10-°>m DPGA. 
An endogenous reaction rate is always observed. ‘This endogenous rate 
appears not to be due to the presence of DPGA in the preparations of DL- 
2-phosphoglycerate, for crystalline trisodium 2-PGA gave an identical 
endogenous result. Boiling water extracts or neutralized perchloric acid 
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Fic. 2. Standard curve for DPGA estimation with Method 1. The conditions 
for the assay were as stated in the text. 

Fig. 3. Standard curve for DPGA estimation with Method 4. The conditions for 
the assay were as stated in the text. 


filtrates of enolase and PGAM, when assayed for DPGA, show no stimula- 
tion above the endogenous rate; hence they appear to be free from DPGA. 

Method 2—The components for Method 2 are as follows: DPGA sample; 
purified 3-PGA, 10 uwmoles; Tris, pH 9.0, 200 umoles; MgSO,, 30 umoles; 
PGAM.- free enolase, 40 units (15); and water to 2.9 ml. At zero time, 0.10 
ml. of PGAM is added, and the increase in optical density is recorded. The 
experimental values are corrected for the endogenous rate. 

At pH 9, PGAM activity is decreased some 25-fold; however, at this 
pH, zero order kinetics are observed for the first few minutes, and the 
DPGA effect can easily be measured. The increase in the initial reaction 
rate by added DPGA is nearly linear, and two breaks in the calibration 
curve are noted at 3 K 10-°'m and 5 X 10°-° am. Reproducibility of the 
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calibration curve is dependent upon temperature control and PGAM 
concentration. 


Colorimetric Procedures 


Method 3—Ultrasonically treated extracts of strain D10, Group D strep- 
tococci contain PGAM, which responded to DPGA. These extracts 
formed citrulline (16) under appropriate conditions, 3-PGA being used as 
a source for regenerating ATP. ATP regeneration was dependent upon 
DPGA concentration, forming the basis for this assay. A convenient 
measure of ATP regeneration was the pyruvate formed. The components 
and conditions for this assay were as follows: purified 3-PGA, 50 umoles; 
ADP, 3 umoles; MgSQO,, 30 wmoles; KHCO;, 120 umoles; NH,Cl, 120 
umoles; L-ornithine, 30 wmoles; Tris buffer, pH 8.0, 155 umoles; pyruvic 
kinase, 1.6 mg.; lyophilized bacterial extract, 1.6 mg.; and DPGA to 3 ml. 
Incubated for 20 minutes at 38°. 

Method 4—A simple modification of Method 3 was to use a coupled assay 
system of PGAM, enolase, and pyruvic kinase, starting with purified 3- 
PGA and sufficient ADP to act as a phosphate acceptor for the phospho- 
enolpyruvic acid formed on the addition of DPGA sample. 

The conditions for this assay were as follows: DPGA sample to 2.0 ml.; 
and a solution containing, per 2.0 m]l., ADP, 20 umoles; purified 3-PGA, 
50 umoles; Tris-phosphate buffer,* pH 7.3, 400 umoles; MgSQO,, 30 umoles; 
enolase, 1.0 mg.;> pyruvic kinase, 0.5 mg.® An endogenous control was 
included. All the components were mixed at 0°, then placed in a water 
bath at 38° for 30 minutes. After the incubation period, the reaction 
mixture was cooled in an ice bath for 5 minutes, then deproteinized with 
2.0 ml. of 10 per cent HCIO,. After centrifugation, aliquots were taken 
for pyruvate analysis. The standard curve is shown in Fig. 3. 

When it was necessary to find the correction value for endogenous pyru- 
vate, 2-PGA, PEP, and 3-PGA (when DPGA is present), a sample was 
analyzed as above, the 50 umoles of purified 3-PGA being omitted. 


Results 


The applicability of these methods for estimating DPGA in various 
biological materials has been tested. Data for the distribution of DPGA 


‘ Tris-phosphate appears to have desirable qualities as a buffer in the pH range 
6 to 9, because of nearly uniform high buffering capacity in this range and because of 
its high solubility. The buffer is prepared from a stock solution of 2 m Tris and 
KH2PO, , the pH being adjusted with HCl or KOH, and is diluted appropriately. 

5 Both the enolase (see above) and pyruvic kinase contain sufficient PGAM as a 
contaminant so that no further PGAM is needed. Under the conditions of assay 
there are about 4 units of PGAM. If the preparation lacks sufficient PGAM, it is 
convenient to add crystalline PGAM (15). 


4 
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in the blood of various animals are shown in Table I. For relative ease of 
comparison, the data of Rapoport and Guest (2) have been included and 
expressed in equivalent terms. 

No evidence for DPGA could be found in homogenates of chicken heart, 
kidney, liver, and brain; if any DPGA was present, it was at levels below 
the sensitivity of our methods. We found DPGA, however, in homoge- 
nates and acetone powder extracts of chicken breast muscle. No evidence 
could be found for DPGA in beef tissues or in purified PGAM samples. 

Extracts of acetone powders of beef and sheep tissues were found to con- 
vert commercial 3-PGA to pyruvate in the presence of ADP. Hence, they 


TaBLe [ 
Erythrocyte Levels of DPGA 


DPGA per 100 ml. cells, umoles 


0 
0 2.2 


* Pooled blood sample. 
t Apparent values, interference observed. 


contain PGAM, enolase, and pyruvate kinase. Since commercial 3-PGA 


contains DPGA,? it was of interest to test these preparations with purified 
3-PGA. It was found that the purified 3-PGA was also converted to pyru- 
vate. In view of the lack of endogenous DPGA, this finding was inter- 
preted as evidence for the formation of DPGA during incubation. The 
supporting data are shown in Table II. 

We could also demonstrate the biosynthesis of DPGA in chicken breast 
muscle, rabbit skeletal muscle, or dialyzed rabbit hemolysates from puri- 
filed 3-PGA and ADP or from HDP and necessary additions. The experi- 
ments were carried out under conditions similar to those used by Rapoport 
and Lueberling (4, 17), except that we did not use fluoride and iodoacetate 
to block other reactions of 3-PGA. The extent of DPGA biosynthesis is 
shown in Table III. The data for similar experiments conducted with 
chicken hemolysates are shown in Table IV. 
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Since DPGA could not be found in most tissues, it was of interest to 
measure “DPGA phosphatase” activity of samples prepared under our 
conditions. 


TABLE II 
Biosynthesis of DPGA by Beef and Sheep Tissues 
Each tube contained, per 4.0 ml., purified 3-PGA 100 uwmoles, Tris buffer, pH 7.0, 
460 upmoles, ADP* 4 umoles, MgSO, 40 umoles, and an extract of an acetone powder} 
of the tissues indicated 1.0 ml. Incubation, 60 minutes at 38°. The values for 
DPGA formed were corrected for endogenous pyruvate present in the sample. 


Tissues Pyruvate formed DPGA formed 
pmoles pmoles 


* ADP may be used to replace ATP, since these extracts contain phosphoglyceric 
acid mutase, enolase, and pyruvic kinase. 

t Each gm. of acetone powder was extracted twice with 8 ml. of cold water for a 
10 minute period. The supernatant fluids were combined after centrifugation. 


TaBLeE III 
Biosynthesis of DPG 


The conditions of biosynthesis from 3-PGA ae same as those indicated in 
Table II, except that 200 wmoles of Tris buffer, pH 7.5, were added. 1.0 ml. of the 
dialyzed rabbit hemolysate was used. The formation of pyruvate in the DPGA 
assay was corrected for pyruvate formation without added 3-PGA. For HDP, 
each tube contained, per 4.0 ml., HDP 30 uwmoles, MgSO, 50 umoles, inorganic phos- 
phate 150 umoles, DPN 0.8 mg., Tris buffer, pH 8.0, 200 wmoles, pyruvate 3 umoles, 
crystalline aldolase 0.15 mg., triosephosphate dehydrogenase 0.1 mg., water extract 
of chicken breast muscle or rabbit skeletal muscle acetone powder prepared as in 
Table II 0.10 ml., or dialyzed, hemolyzed rabbit erythrocytes (1:3) 0.10 ml. 


DPGA, umoles 
Tissues 3-PGA system 
HDP system 
0 min. 60 min. Net 
Chicken breast muscle......... 4.6 37.0 32.4 >8.0 
Rabbit skeletal ‘‘ ......... 0.13 12.8 12.7 1.52 
Dialyzed rabbit hemolysate... . 0.49 4.29 3.8 1.45 


“DPGA phosphatase” has been observed by many investigators (5, 18, 
19), but to what extent these phosphatases prevent the finding of endoge- 
nous DPGA has not been known. We found that extracts from several 
tissues and species showed considerable ‘‘DPGA phosphatase” activity 
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when tested at 38° and at relatively high levels of DPGA. However, our 
conditions for preparing extracts of tissues were designed to minimize 
enzymatic destruction of DPGA. In view of the excellent recoveries of 
added DPGA and the finding of endogenous DPGA in chicken skeletal 
muscle extract, which contains an active phosphatase system, it was con- 
cluded that the destruction of DPGA by enzymatic action during prepara- 
tion of samples is negligible. But the extent of such destruction during 
biosynthetic tests cannot be easily evaluated with crude extracts. 


TABLE IV 
Biosynthesis of DPGA by Hemolyzed Chicken Erythrocytes 


The complete system contained, per 2.0 m1., 100 umoles of purified 3-PGA, 4 umoles 
of ADP, 10 umoles of MgSQO,, 200 umoles of Tris-phosphate buffer, pH 7.3, and 0.50 
ml. of a 1:3 hemolyzed chicken erythrocyte preparation. Incubation, 60 minutes 


at 38°. 


Additions. DPGA* DPGAt 
pmoles pmoles pmoles 
0 0.24 
3umoles ATP replacing ADP............... 2.17 1.64 7.37 


* The values for DPGA biosynthesized were obtained with Method 4. The values 
of pyruvate formed in the assay system were corrected for endogenous pyruvate 


present. 
t The values were corrected for pyruvate formation without addition of purified 


3-PGA to the assay system. 


DISCUSSION 


Both spectrophotometric assays are somewhat more sensitive than the 
colorimetric procedures, but they are not applicable to opaque or highly 
absorbing solutions. These methods are most useful in the rapid survey of 
DPGA samples and are applicable to the testing of the response of PGAM 
from various sources to the action of DPGA.® The colorimetric procedures, 


6 We have tested the action of DPGA on PGAM from various sources (7). All 
those except that obtained from wheat germ are activated by DPGA. Crude ex- 
tracts of wheat germ PGAM contain no DPGA, as indicated by our assay procedures. 
Furthermore, a partially purified wheat germ PGAM preparation was not activated 
by DPGA. These observations would indicate either that wheat germ PGAM is 
active in the absence of DPGA or that DPGA is firmly bound to the wheat germ 
PGAM. The partially purified wheat germ mutase is prepared by ammonium sul- 
fate precipitation of the fraction WMH of Tchen and Vennesland (20). Further 
purification was obtained by charcoal treatment. This procedure results in some 
8-fold purification. 
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on the other hand, are quite easily applied to optically opaque solutions. 
Because of the ease of handling, the accurate temperature control, and the 
large number of samples that can be assayed at the same time, the colori- 
metric procedures are usually the method of choice. 

Certain corrections are applicable to the colorimetric procedures. These 
involve corrections for the presence of substrates in the sample of DPGA 
which may lead to pyruvate formation in these assays. Usually such cor- 
rections are nil, since the response of the system is of the order of 100 
umoles of pyruvate formed per micromole of DPGA added. However, 
when testing for biosynthesis of DPGA with chicken hemolysates, it was 
noted that, at the end of the incubation, 3-PGA, 2-PGA, PEP, and pyrv- 
vate were present, together with the newly formed DPGA. The value of 
DPGA found when the observed pyruvate formation was corrected for 
endogenous pyruvate was too high, whereas the value found when the ob- 
served pyruvate formation was corrected for pyruvate formed in the system 
from the other substrates was too low. The reason for this is that in the 
presence of DPGA some of the 3-PGA (remaining at the end of the incuba- 
tion) is converted to pyruvate during the enzymatic test for DPGA. Thus, 
it is likely that the true value of biosynthesis of DPGA for chicken hemoly- 
sates lies between the two values reported. 

It has been proposed by Rapoport and Lueberling (4, 17) that DPGA 
is formed from 1,3-diphosphoglyceric acid by a specific mutase, diphos- 
phoglycerate mutase. When testing the capabilities of tissues for the 
biosynthesis of DPGA, a system forming 1,3-diphosphoglycerate from 
either HDP and necessary components or from 3-PGA, ATP, and phos- 
phoglyceric kinase must be available. Theoretically it would be desirable 
to generate 1 ,3-diphosphoglycerate in excess when measuring diphospho- 
glycerate mutase activity, but, owing to the lability of this material and 
other pathways of its metabolism, it is difficult to achieve this when assay- 
ing crude extracts. Our results with biosynthetic capabilities reflect, 
therefore, to some extent a measure of the supporting enzymes as well as 
the diphosphoglycerate mutase. The data should be regarded in this sense, 
and in no way interpreted according to specific activity. 

Our results confirm the distribution studies of Rapoport and Guest (2), 
except that we detected the presence of DPGA in chicken erythrocytes. 
We established too that chicken hemolysates are capable of biosynthesizing 
DPGA. This is in contrast to Rapoport and Guest (3), who studied the 
formation of phosphoglyceric acids from pyruvate in the bloods of mam- 
mals and birds. Each blood sample showed some phosphoglycerate for- 
mation, and the authors tacitly assumed it to be 3-PGA for those species 
which had little or no DPGA content. They also assumed DPGA to be 
formed for those bloods which contained high amounts of DPGA. De- 
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spite the fact that these authors isolated 3-PGA from goose blood and beef 
blood after suitable incubation, it may have been possible for DPGA to 
have been formed. As a result of later work (4), it would be anticipated 
that 3-PGA would form before DPGA. Thus, it seems plausible that 
these authors failed to observe the formation of small amounts of DPGA in 
such blood samples, for lack of a specific and sensitive method for DPGA. 

We also observed that the biosynthesis of DPGA is fairly widespread in 
various tissues. The recent work of Rapoport et al. (6), which contra- 
dicted the earlier findings of Rapoport and Lueberling (4) with regard to 
ability of rabbit skeletal muscle to form DPGA, together with data pre- 
sented here, lends support to the contention that other tissues in addition 
to red blood cells are capable of DPGA biosynthesis. 

It is probable that part of the failure to demonstrate endogenous DPGA 
in tissue extracts may be due to phosphatase activity. The same con- 
sideration should be applied to the data on biosynthesis, with the proba- 
bility that biosynthesis proceeds faster than has been reported. 


SUMMARY 


Procedures for the microestimation of 2,3-diphosphoglyceric acid 
(DPGA) have been described. All of them are based upon the catalytic 
effect of DPGA on phosphoglyceric acid mutase. 

These methods have been used to estimate DPGA in tissue homogenates 
and in the blood of various animals. They have also been used to study 
the biosynthesis of DPGA by tissue extracts from 3-PGA and adenosine 
triphosphate or fructose 1 ,6-diphosphate and other cofactors. 

DPGA was found in erythrocytes of many mammals, including beef and 
sheep. Chicken erythrocytes contain small amounts of DPGA, and 
chicken breast muscle extracts contain DPGA. Both tissues, however, 
could form DPGA from added substrates. The ability to form DPGA 
was also found in rabbit skeletal muscle and in a number of beef and sheep 
tissues. 
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AN ENZYME-CATALYZED ACYL MIGRATION: 
A LYSOLECITHIN MIGRATASE* 


By MAYO UZIELT ann DONALD J. HANAHAN 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, November 5, 1956) 


In view of evidence first presented by Fairbairn (1) and later confirmed 
and extended by Uziel and Hanahan (2), it now appears well established 
that specific lysolecithinases do exist. Specifically, an extract from 
Penicillium notatum was found to contain a lysolecithinase B, which was 
capable of effecting the hydrolytic cleavage of the fatty acid ester group 
with the release of free fatty acid (1, 2) and L-a-glycerylphosphorylcholine 
(2). This communication presents evidence for the occurrence of a new 
type of lysolecithinase. 

During an investigation of the properties of the lysolecithinase B of 
P. notatum, Uziel and Hanahan (2) observed that the enzyme preparations 
were considerably more active hydrolytically towards an unsaturated 
lysolecithin than towards a saturated type (I). Invariably with a satu- 
rated type, a thick, almost microcrystalline gel would form and a relatively 
smaller amount of free fatty acid would be released. Further investiga- 
tion revealed that an enzyme-catalyzed migration had occurred with forma- 
tion of a new compound, a’-lysolecithin (II). Although the elemental 
composition was the same as the substrate (I), the specific rotation, melt- 
ing point, and solubility were different. The compound, a’-lysolecithin, 
was assigned the structure represented by (II). Thus this enzyme, a 
lysolecithin migratase, effected the migration of the fatty acid group of 
lysolecithin from the 6 position to the a’ position, without the loss of asym- 
metry, as seen in the accompanying diagram. A similar enzyme system, 
free from any lysolecithinase B activity, was found in commercial pancre- 
atin. In addition, a comparable non-enzymatic, acid-catalyzed migration 
was observed. The details of this study are reported here. 


EXPERIMENTAL 


Methods and Materials—Phosphorus was assayed by the method of King 
(3), choline by Glick’s technique (4), and nitrogen by the Kjeldahl pro- 


* Supported in part by a grant from the American Cancer Society. The material 
in this paper was taken in part from the doctorate thesis of Mayo Uziel (University 


of Washington, 1955). 
t Present address, The Rockefeller Institute for Medical Research, New York. 
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cedure with selenium oxychloride as the catalyst. Carbon and hydrogen 
analyses were performed by Dr. Weiler and Dr. Strauss.!. Optical meas- 


CH:20H a’ CH:OCOR a’ 
ROCOCH B — HOCH B 
O O 
CH:0P OCH:CH:N(CHi): CH:OP OCH:CH:N(CH,). 
O- (HOH) O- (HOH) 


(I) (II) 


R = stearic acid 


urements were made with a Rudolph polarimeter.? All melting points 
were decomposition points (with meniscus formation) observed in sealed 
tubes in a Hershberg type heating bath with Anschutz thermometers. 
Assay for unsaturation was carried out by hydrogenation at atmospheric 
pressure over PtO2 or by the Wijs iodine method (5). The 2,4-dinitro- 
phenylhydrazine reagent was prepared by the procedure of Johnson (6). 
Total fatty acids were obtained by hydrolysis of the sample in 2 n KOH 
in ethanol at reflux for 6 hours. At the end of this period, the ethanol was 
removed under nitrogen, the necessary amount of 10 nN H2SO, was added, 
and the fatty acids were extracted into petroleum ether (b.p. 30-60°). 
This extract was washed well with water and analyzed. 

(monostearoyl lysolec- 
ithin) was prepared from lecithins of chicken egg and from synthetic 
(distearoyl)-L-a-glycerylphosphorylcholine by a previously described en- 
zymatic procedure (7). 
line was prepared from the lecithin of yeast in the same manner as above. 
B-(Monopalmitoy])-L-a-glycerylphosphorylcholine was obtained by hydro- 
genation of the monopalmitoleyl compound. Commercial pancreatin was 
a Merck product. The mycelia of P. notatum, dried in vacuo for 24 hours 
at room temperature over Drierite, were obtained through the courtesy of 
Dr. Jerome Martin, Commercial Solvents Corporation, and, when not in 
use, were stored in a desiccator at 5°. 


Migratase Preparation 


Pancreatin—A 20 to 30 per cent mixture of pancreatin in 0.1 Mm NaCl 
(w/v) was adjusted to pH 6.0 with 0.5 n NaOH and allowed to stand for 1 


1 Dr. G. Weiler and Dr. F. B. Strauss, Microanalytical Laboratory, 164 Banbury 
Road, Oxford, England. 
20. C. Rudolph and Sons, Caldwell, New Jersey. 


of — TP 


S- 


M. UZIEL AND D. J. HANAHAN 791 


hour at 25°. ‘The reaction mixture was then cooled to 0°, the pH adjusted 
to 4.5 with 1 N HCI, and the precipitate removed by centrifugation at 11,000 
r.p.m. in a Servall high speed angle centrifuge. The supernatant fluid 
was removed and diluted with 10 volumes of coeld (4°) distilled water and, 
after 20 minutes at 4°, the precipitate was separated by centrifugation. 
The residue was suspended in 10 ml. of distilled water and dissolved by 
adjusting the pH to 6.0. This fraction was used as the source of lysoleci- 
thin migratase, and the yield from 20 gm. of pancreatin (200 to 300 mg. of 
crude protein) was sufficient to catalyze the conversion of 1 gm. of lyso- 
lecithin in a 60 to 70 per cent yield in 12 hours at 25°. 

P. notatum—This preparation was the same as that described for lyso- 
lecithinase B (2). Although the extract contained both lysolecithinase B 
and the migratase, the activity of the former was practically negligible at 
pH 6.0. In the usual run, 30 mg. of the P. notatum extract were sufficient 
to catalyze the conversion of 1 gm. of : eames in a 60 to 70 per cent 
yield in 12 hours at 25°. 

Typical Reaction System—The 8 to a’ shift of the acyl group of lysoleci- 
thin can be effected by a migratase preparation from P. notatum or pan- 
creatin at pH 6.0 or also can be catalyzed by incubation of the substrate in 
0.05 x HCl for 12 hours at 25°. 

Enzyme-Catalyzed Reaction—1.00 gm. of 8-(monostearoy])-L-a-glyceryl- 
phosphorylcholine (m.p. 257-258°; [a]?? —2.87°) was dissolved in 30 ml. 
of water and the enzyme added (30 mg. of protein from P. notatum or 250 
mg. of protein from pancreatin preparation) and allowed to incubate at 
25°. After a period of 30 minutes to 2 hours, a typical schlieren, and later 
a microcrystalline, precipitate developed in the mixture. After 12 to 14 
hours at 25°, this precipitate was collected by centrifugation and washed 
several times with 1 to 2 volumes of water at room temperature and then 
cooled to 5° for centrifugation. If the precipitate became too thick, it was 
necessary to centrifuge at 11,000 r.p.m. in a Servall angle centrifuge for a 
clean separation. The precipitate formed initially as microcrystalline 
plates and, upon being washed with water, the plates increased in size until 
they were clearly visible under a 400 X magnification. They had the 
appearance of fragmented plates. 

As an additional purification step, the crystals were dissolved in a mini- 
mal amount of 95 per cent ethanol or chloroform, and any insoluble matter 
was removed by centrifugation. Then the isomerized lysolecithin was 
crystallized by the slow addition of 2 to 3 volumes of acetone at 25° with 
subsequent cooling to 5° for an hour. The crystalline product was isolated 
by centrifugation at 5° and dried in a stream of nitrogen at room tempera- 
ture. It was recrystallized six to eight times in the same manner. Finally, 
the crystals were dried in vacuo at 25° over paraffin strips for 24 hours. 
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The yield was 500 mg. The a’-lysolecithin melted with decomposition at 
236-238° (placed in a bath at 200° and heated at a rate of 3° per minute to 
230° and 1° per minute thereafter). [al?? —3.80° (¢, 10 in chloroform- 
methanol (9:1)). 


CosHssNOsP (541). Calculated. C 57.7, H 10.35, N 2.59, P 5.73, choline 22.3 
Found. ** 56.9, 10.20, 2.57, 5.738, “* 21.8 | 


A 250.0 mg. sample was refluxed in ethanolic KOH for 6 hours and : 
yielded 124 mg. of fatty acid (theory, 130 mg.), 54.2 mg. of choline (theory, | 
55.8 mg.), and 14.1 mg. of phosphorus (theory, 14.3 mg.). The fatty acid | 
did not absorb any hydrogen or iodine and had the following characteris- | 
tics: m.p., 69.5-70.0°; neutral equivalent, 282.5. A mixed melting point 
with pure stearic acid showed no depression. 

Non-Enzymatic Reaction—1.00 gm. of B-(monostearoy])-L-a-glycerylphos- 
phorylcholine was dissolved in 30 ml. of water and the acidity adjusted to 
0.05 n in HCl. After incubation for 12 hours at 25°, the precipitate was 
treated exactly the same as described above for the enzyme-catalyzed reac- 
tion. The yield was 700 mg., m.p. 236-237°. [a]?> —3.78° (c, 10.5 in chlo- 
roform-methanol (9:1)). 


CosHseNOsP (541). Calculated. C 57.7, H 10.35, N 2.59, P 5.73 
Found. ** 67.0, 10.25, 2.55, 5.75 


The comparative properties of the a’-lysolecithin obtained from several 
enzyme- and non-enzyme-catalyzed runs were in excellent agreement. In 
all cases, a’-lysolecithin was insoluble in water and 0.1 m NaCl at 25°, and 
B-lysolecithin was soluble under the same conditions. 

No free choline or inorganic phosphorus was released in the enzyme- or 
non-enzyme-catalyzed reaction. In addition, phosphorylcholine was ab- 
sent as indicated by paper chromatography (8), and no chemical evidence 
was obtained for the release of any monoglyceride. When chromato- 
graphed on Whatman No. | paper in an ascending system with water as 
the solvent, 6-lysolecithin gave a single well defined spot at Ry 0.70, while 
the isomerized product, a’-lysolecithin, did not move from the origin. 


General Characteristics of Reaction System 


Substrate Specificity——The lysolecithin migratase preparation from pan- 
creatin or P. notatum was effective only towards saturated lysolecithins, 
with no detectable action on the unsaturated lysolecithin. Although only 
a limited amount of compound was available, the enzyme system appeared 
to be equally active towards a 16-carbon fatty acid group as well as towards 
the 18-carbon acyl unit. In a similar manner, the acid-catalyzed conver- 
sion was specific for the saturated lysolecithins without any apparent 
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effect on the unsaturated derivative. There was no action by these en- 
zyme preparations on completely unsaturated lecithins, partially saturated 
lecithins, or fully saturated lecithins. 

Characteristics of Reactton—Both the enzyme- and non-enzyme-catalyzed 
migrations were recognized by the formation of a characteristic precipitate. 
In a particularly striking manner this formed initially as a schlieren which 
later developed into a microcrystalline precipitate. Subsequently, as the 
reaction proceeded, the microcrystals coalesced and formed a precipitate 
which readily settled out. The formation of the initial schlieren is pre- 
ceded by a 30 minute to 2 hour period in which the reaction mixture re- 
mains perfectly clear. This lag period does not appear to be dependent on 
enzyme or substrate concentration. 

Inasmuch as no chemical group is released in this reaction, a suitable 
assay system has not been devised. At the very early phases of the reac- 
tion, turbidimetric measurements are of some value, but unfortunately for 
only a relatively limited period of time (about 5 to 10 minutes). Although 
differences in the oxidation rate with KMnO, (see “Structure proof’’) 
appeared useful, it has never lent itself to a system sufficiently reproducible 
for kinetic studies. 

Properties of Migratase Preparations—As indicated above, the lysoleci- 
thin migratases from the two different sources were similar in their action. 
Both attacked saturated lysolecithins but not unsaturated lysolecithins. 
The maximal activity for the pancreatin preparation was at about pH 6.0 
with rapid decrease in activity to pH 4.0 and up to 7.5. The migratase 
preparation from pancreatin contained no lysolecithinase B activity. 
Although the P. notatum extracts showed maximal migratase activity at 
6.0, there was some activity at pH 4.0, but this was obscured by the lyso- 
lecithinase B at this latter pH. In the P. notatum preparations, the ac- 
tivity of the lysolecithinase B was negligible at the pH optimum of the 
migratase system. At pH 5.5 to 6.0, in the absence of enzyme, no alter- 
ation of the substrate occurred, but below pH 2.0 non-enzyme-catalyzed 
migration occurred. The optimal temperature was 25-30°, with higher 
temperatures apparently exerting an inhibitory effect. 

Of considerable interest was the observation that cyanide was a potent 
inhibitor of the isomerization process. When the buffered migratase prep- 
aration from either source was incubated at pH 4.0 to 6.0 for 15 minutes 
at 30° with 0.01 m NaCN, and then added to the substrate, the activity of 
the migratase was completely abolished. A similar effect had been pre- 
viously noted in the lysolecithinase B system (2). Inasmuch as 0.01 M 
NaCN completely inhibited the non-enzymatic acid-catalyzed conversion, 
the cyanide inhibition was evidently linked primarily to its effect on the 
substrate or an intermediate in the migration. 
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“ffect of Lecithinases on a'-Lysolecithin—The action of various lecithin- 
ases, in aqueous and non-aqueous systems and at varying pH values, upon 
a’-lysolecithin was investigated. Lecithinase A from cobra or rattlesnake 
venom, lecithinase C from carrots or cabbage leaves, and lecithinase D 
from Clostridium perfringens toxin had no demonstrable activity towards 
this compound. Lysolecithinase B from P. notatum hydrolyzed less than 
0.5 per cent of the a’-lysolecithin in 8 hours at pH 4.0. 

Structure Proof—As had been reported previously (9), it is difficult to 
prepare any of the usual derivatives of the 6-lysolecithin via the supposedly 
“free” alcoholic function. Similarly, a’-lysolecithin behaves in an analo- 
gous manner. In both cases, the most reliable means for the proof of the 
position of the unesterified alcohol group was through use of KMnQ, as an 
oxidant at room temperature. When the a’-lysolecithin in an aqueous 
medium was treated with KMnQ,, a ketonic intermediate was formed. 
Subsequent acid hydrolysis at reflux temperatures converted this inter- 
mediate to free fatty acid, free choline, inorganic phosphate, and pyruvalde- 
hyde. Under similar conditions, the 6-lysolecithin yielded free fatty acid, 
choline, and phosphoglyceric acid (9). 

Whereas the 8-lysolecithin is almost immediately oxidized by the above 
oxidant (complete oxidation within 2 to 3 hours), a’-lysolecithin is very 
slowly attacked, and only after 12 to 14 hours is the oxidation complete. 
Inasmuch as the a’-lysolecithin is insoluble in water at room temperature, 
but soluble at 35-37°, the optimal oxidation conditions were obtained by 
warming the mixture to 35°, adding the oxidant at that point, and then 
allowing the solution to cool to 25°. The use of temperatures above 40° 
caused excessive and uncontrolled degradation. 

300 mg. of a’-monostearoyl lysolecithin were suspended in 15 ml. of 
water and warmed to 37°. To the clear solution were added 52 mg. of 
K MnO, in 5 ml. of water at 37°. The mixture was then allowed to cool 
to 25° and remain at this temperature for 12 to 14 hours, and decolorized 
by the addition of solid NaHSO; and made 4 n with respect to HCl. The 
solution was refluxed for 5 hours and cooled, and the fatty acids were ex- 
tracted with petroleum ether and treated in the usual manner. The yield 
was 150 mg. (theory, 155 mg.), and the neutral equivalent was 282 (theory 
for stearic acid, 282). Analysis of the aqueous fraction resulting from the 
petroleum ether extraction showed it to contain 16.8 mg. of P (theory, 
17.1 mg.) and 64.8 mg. of choline (theory, 66.7 mg.). To one-half of the 
aqueous mixture were added an equal volume of absolute alcohol and 5 mi. 
of 2,4-dinitrophenylhydrazine reagent. There was an immediate forma- 
tion of an orange-colored precipitate. (No reaction occurred in a blank or 
in an oxidized, hydrolyzed sample of 8-lysolecithin.) The precipitate was 
recovered by centrifugation and washed three times with hot 95 per cent 
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ethanol. The yield was 120 mg. (theory, 195 mg.); m.p. 295-297° (decom- 
position) ona Fisher-Johns melting point block (reported value for the osa- 
zone of pyruvaldehyde, 295° (decomposition) (10); found for pure pyruv- 
aldehyde oxazone, 295-296.5°). Mixed melting point, 295-297°. 


Ox (424). Calculated. 42.45, H 3.30, N 26.41 
Found. ** 42.70, ** 3.25, ** 26.40 


This evidence supports the conclusion that the above product is py- 
ruvaldehyde and that a’-lvsolecithin has an unesterified alcohol function 
on the 8 or 2 position. 


DISCUSSLON 


This communication represents the first report on a lysolecithin migra- 
tase, which catalyzes the 8 to a’ migration of the fatty acyl group on a 
saturated 8-lysolecithin. This migratase is unique among the reported 
and substantiated lipide-attacking enzymes in that it is apparently non- 
hydrolytic in nature. A similar non-enzyme-catalyzed migration can be 
effected by the incubation of a saturated @-lysolecithin in 0.05 ~ HCl. 
Previous evidence for a non-enzymatic migration of acyl groups in the 
glyceride series was reported by Stimmel and King (11), who found that 
3-monopalmitin was converted to a-monopalmitin by alcoholic 0.05 ~ 
HCl. Fischer (12) observed a migration of the 8-acyl group in deiodina- 
tion of a-iodo-a’ ,8-di-(p-nitrobenzoyl)glycerol. Thus, the occurrence of 
this type of non-enzymatic migrations of the acyl groups of glyceryl esters 
is well established. 

Contardi and Ercoli (13) found that extracts of aged rice bran and the 


mycelia of Aspergillus oryzae destroyed egg lysolecithin, as measured by 


the loss of hemolytic activity. A water-soluble organic phosphate was 
produced and, after isolation in a crude form, was tentatively identified as 
glycerylphosphorylcholine. If the reaction was allowed to continue for 1 
week at 37°, only 20 per cent of the original phosphorus was found as 
“olycerylphosphorylcholine.”’ During this latter reaction period, a heavy 
precipitate formed and was considered to be neither lysolecithin nor leci- 
thin. Although Contardi and Ercoli assumed this compound to be a salt 
of a fatty acid and lysolecithin, it could have been the a’ isomer of lyso- 
lecithin. 

In view of the oxidative degradation studies on a’-lysolecithin, it appears 
certain that its formula is best represented as an a’-acyl-L-a-glycerylphos- 
phorylcholine (11), as contrasted to the starting substrate with a structure 
of a B-acyl-L-a-glycerylphosphorylcholine (I). In a consideration of the 
possible routes by which this transformation could be accomplished, two 
mechanisms appeared most feasible. The first possibility was that of the 
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hydrolytic cleavage of the fatty acid from the 8 position with a subsequent 
enzyme-directed esterification of the a’ alcohol function. This appeared 
improbable because (a) an insignificant amount of free fatty acid was 
formed in the reaction, (b) palmitic acid-1-C'* added to an incubation 
medium was not incorporated into the isomerized product, and (c) a “free”’ 
acyl enzyme complex should provide the definitive possibility that any free 
alcohol group could be esterified and, hence, one should also detect a signif- 
icant quantity of lecithin in the reaction mixture. However, no lecithin 
has been found. On the other hand, a more feasible mechanism would 
involve the intermediate formation of an ortho acid. Such an interme- 
diate has been postulated by Fischer (12) as an explanation for the migra- 
tory effects noted in the glyceryl esters. Comparable reactions have been 
proposed for migrations in sugar esters (14). Hibbert and Grieg (15), in 
their studies on dioxalone derivatives, have provided evidence supporting 
the Fischer postulate. These workers concluded that all organic mono- 
esters of multivalent alcohols containing a free alcohol function, the hydro- 
gen of which is spatially in close proximity to the carbonyl group of the 
acyl radical, have a strong tendency to form a ring structure. As a conse- 
quence, there should result an equilibrium between the free and the cyclic 
forms. In the present instance the insolubility of the a’-lysolecithin un- 
doubtedly shifts the equilibrium completely to the a’ isomer and may be 
represented as follows: 


a OH 7 
CH20 
CH,0OH C—R 
| 
ROCOCH = | CHO — 
O 
T 
CH.OP OCH:CH:N(CH;); 
+ + 
O- (HOH) O- (HOH) 
I. p-Lysolecithin | ortho acid intermediate _ 
CH;0COR 
HOCH 


+ 


O- (HOH) 
II. a’-lysolecithin 


| 
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Thus this intramolecular transesterification would allow the migration of 
the fatty acid unit without the release of acid groups, and the insolubility 
of the a’-lysolecithin would aid in shifting the reaction to completion. At 
first it was thought possible that the product (II) was an ortho acid; how- 
ever, in addition to the oxidation data, the infrared spectrum showed no 
alteration in the fatty acid ester band and, also, there was no conversion of 
the compound to an acetal, as might be expected, by reaction with sodium 
borohydride (16). 

The observation that cyanide is a good inhibitor of the enzyme- and non- 
enzyme-catalyzed migrations is of considerable interest. As to the mode 
of action of cyanide in these reactions, one can visualize a possible attack on 
an ortho acid type intermediate with the formation of a nitrile, which would 
effectively stop the reaction. However, this does not appear to be an ade- 
quate explanation inasmuch as cyanide at 0.01 m completely inhibits the 
migration of substrate at 0.4 to 0.5 m in 0.05 Nn HCl. If this proposal were 
correct, there should be a large amount of unattacked substrate, which 
should continue to undergo migration. Any alteration in pH by the 
cyanide in the medium is minimal under these conditions. Due to the 
low optical activity of the lysolecithin in water and the very small changes 
expected in optical rotation, attempts to follow these alterations by po- 
larimetric measurements have not proved successful. Further study on 
this problem is under investigation. 

Fairbairn (1) noted that cyanide was a potent and rather specific inhibi- 
tor of the lysolecithinase B action on a saturated lysolecithin. These 
observations have been confirmed in this laboratory and, in addition, it has 
been found that cyanide is also an inhibitor of the lysolecithinase B action 
on an unsaturated lysolecithin. Hence these two enzyme systems, the 
lysolecithinase B and lysolecithin migratase, are inhibited in their action 
by the presence of cyanide. Although no evidence is available at present, 
it will prove interesting to learn whether a relatively simple enzyme such 
as lysolecithinase B may require the prior action of an additional enzyme, 
a lysolecithin migratase, for the complete removal of an acyl group from 
lysolecithin. In view of the observation that there is only lysolecithin mi- 
gratase activity in pancreas preparations, it appears most likely that lyso- 
lecithinase B and the migratase are not one and the same enzyme. 


SUMMARY 


The occurrence of a new type of lysolecithinase, a migratase, in extracts 
of Penicillium notatum and commercial pancreatin is described. This 
enzyme catalyzes the 6 to ae’ migration of the fatty acid acyl group on a 
saturated lysolecithin. A similar non-enzyme-catalyzed migration could 
be induced by incubation of saturated lysolecithin in 0.05 n HCl for 12 
hours at 25°. Cyanide was found to be a potent inhibitor of both the 
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enzyme- and non-enzyme-catalyzed migrations. No action of this enzyme, 
or 0.05 n HCl, on an unsaturated lysolecithin could be demonstrated. 
A mechanism is proposed for the route of migration. 


BIBLIOGRAPHY 


. Fairbairn, D., J. Biol. Chem., 173, 705 (1948). 

. Uziel, M., and Hanahan, D. J., J. Biol. Chem., 220, 1 (1956). 

. King, E. J., Biochem. J., 26, 292 (1932). 

. Glick, D., J. Biol. Chem., 156, 643 (1944). 

Wijs, J. J. A., Z. angew. Chem., 18, 291 (1898). 

. Johnson, G. D., J. Am. Chem. Soc., 73, 5888 (1951). 

. Hanahan, D. J., Rodbell, M., and Turner, L. D., J. Biol. Chem., 206, 431 (1954). 

. Huennekens, F. M., Hanahan, D.J., and Uziel, M., J. Biol. Chem., 206, 443 (1954). 

. Hanahan, D. J., J. Biol. Chem., 207, 879 (1954). 

10. Rothstein, ., J. Chem. Soc., 1550 (1940). 

11. Stimmel, B. E., and King, KE. G., J. Am. Chem. Soc., 56, 1724 (1934). 

12. Fischer, E., Ber. chem. Ges., 68 B, 1612 (1920). 

13. Contardi, A., and Ercoli, A., Biochem. Z., 261, 275 (1933). 

14. Pigman, W. W., and Goepp, R. M., Jr., Chemistry of the carbohydrates, New 
York, 156-159 (1946). 

15. Hibbert, H., and Grieg, M. E., Canad. J. Res., 4, 254 (1939). 

16. Brown, H. C., Mead, EK. J., and Subba Rao, B. C., J. Am. Chem. Soc., TT, 6209 

(1955). 


me 


4). 
4). 


ew 


NICOTINIC ACID METABOLISM 


Hil. C!-CARBONYL-LABELED NICOTINAMIDE AND 
NICOTINIC ACID IN THE CHICK* 


By M. L. WU CHANG anp B. CONNOR JOHNSON 


(From the Laboratory of Animal Biochemistry, Division of Animal Nutrition, 
University of Illinois, Urbana, Illinois) 


(Received for publication, August 20, 1956) 


Studies on the metabolism of nicotinic acid and its amide in various 
organisms have been reported. However, comparatively little of this 
work has dealt with the chick. Komori and Sendju (3) in 1926, in an 
attempt to identify the metabolites of nicotinic acid excreted by birds, 
recovered as nicotinic acid 37 per cent in the excreta after feeding of 1 gm. 
per day for 10 days. In 1947 Dann and Huff (4) isolated dinicotiny]- 
ornithine from the excreta of chicks fed a diet containing 2 per cent added 
nicotinamide. 

In the present study C'-carboxyl-labeled nicotinamide was adminis- 
tered at more nearly physiological levels. The excretion products were 
separated in general by chromatographic methods and detected first: by 
radioautography. 


EXPERIMENTAL 


16 week-old normal chicks weighing about 1850 gm. were operated on 
in order to separate the ureters and to allow the collection of urine free 
from fecal contamination (5). 10.4 mg. of C'-nicotinamide (400 ue. of 
activity) were injected intraperitoneally into one chick, and to another 
chick 10 mg. of unlabeled nicotinic acid were administered in the same 
manner. Urine samples were collected every 4 to 5 hours over a 22 hour 
period. All the samples from each chick were pooled and were kept in 
the freezer. At the end of the collection period the urine samples were 
thawed at room temperature and centrifuged, and the residues were dis- 
earded. The supernatant fluids were lyophilized and extracted with 
methanol. The methanol extracts were used hereafter for paper chroma- 
tography. 

Separation and Detection of Metabolites—-A small amount of each meth- 


* Presented before the Twentieth annual meeting of the Federation of American 
Societies for Experimental Biology at Atlantie City, April 16-20, 1956 (1). For 
Papers I and II in this series, see Johnson and Lin (2). 

Supported in part by a grant-in-aid from the United States Atomic Energy Com- 
mission under contract No. AT(11-1)-67, Animal Science Project 2. 
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anol extract was applied as a band on Whatman No. 3 MM filter paper 
(73 X 225 inches), and the chromatogram was developed by using a 
butanol-ammonia solvent system (n-butanol saturated with 3 per cent 
aqueous NH;). From the urine of the chick given radionicotinamide, 
seven radioactive bands were found upon radioautography (lig. 1). Three 
additional solvent systems, S-collidine saturated with water, n-butanol- 


Fic. 1. Radioautogram of chromatogram of radioactive chick urine. Radioauto- 
gram of one-dimensional paper chromatogram of urine of chicken (1850 gm.) given 
10 mg. of carboxyl-labeled nicotinamide. Developed in n-butanol-ammonia solvent 
system (n-butanol saturated with 3 per cent NH;). The bands were identified (see 
the text) as follows: Band 1, 8-nicotinyl-p-glucuronie acid; Band 2, nicotinurie acid; 
Band 3, 6-nicotinyl ornithine; Band 4, a-nicotinyl ornithine; Band 5, nicotinie acid; 
Band 6, 2,5-dinicotinyl ornithine, and Band 7, nicotinamide. 


acetone-H,0 = 40:10:50 v/v (Johnson and Lin (2) p. 2974), and hexanol- 
ethanol = 2:1 v/v saturated with water (6), were also used. However, 
the butanol-ammonia system gave the best resolution, and no other sys- 
tem gave more compounds. From the urine of the chick given unlabeled 
nicotinic acid seven metabolites were also found by application of the 
CNBr color test. 

Isolation and Purification of Metabolites—The bulk of the methanol ex- 
tracts was applied to Whatman No. 3 MM filter paper (183 Xx 223 
inches) as bands and the chromatograms were developed with the butanol- 
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NH; system. Again the seven bands were revealed by radioautography 
and color tests. Each band was cut out and eluted with distilled water 
in the usual manner. The volume of each eluate was reduced by lyophil- 
ization. Further purification was achieved by again chromatographing 
each eluate, first with n-propanol-water (80:20 v/v) and then with n-bu- 
tanol-acetic acid-water = 40:10:50 v/v, to obtain each metabolite chro- 
matographically pure with respect to all other radioactive metabolites. 

Identification by Re Value—In all cases in which the synthetic compounds 
were available, the tests were carried out in a series of three spots on a 
single chromatogram: the unknown, the suspected known compound, and 
the unknown metabolite plus the suspected known compound. The iden- 
tity of the Ry values was established by both radioautography and a color 
test. Since 8-nicotinyl-p-glucuronic acid, 6-nicotiny! ornithine, and a-nico- 
tinyl ornithine were not available as known compounds, other means were 
used for their characterization. 

Chemical Tests—(1) Ninhydrin test. The chromatogram was sprayed 
with 2 per cent ninhydrin in n-butanol saturated with water. Only Band 
3 (Fig. 1) showed a purple color, and Band 4 gave a quenching effect which 
could be detected either against the light or under ultraviolet light. (2) 
Cyanogen bromide test (7). The strip was suspended in CNBr vapor for 
| hour and then sprayed with 2 per cent p-aminobenzoic acid in 0.7 N aleo- 
holic HCl. This test gives a yellow spot specific for tertiary nicotiny! 
compounds. (3) Aqueous KCN test (8). The strip was streaked with 
1 mM aqueous KCN. (4) Methyl ethyl ketone-ammonia test (7). The strip 
was suspended in methyl] ethyl ketone-ammonia vapor. Tor tests (3) and 
(4), quaternary nicotinyl compounds will give fluorescent spots. (5) 
Alkaline hydrolysis. Each metabolite (except Metabolite 6) was hydro- 
lyzed with 1 Nn NaOH in a small sealed tube in boiling water for 1 hour. 
Metabolite 6 was hydrolyzed for 3 hours with 2N NaOH. After hydrolysis 
the hydrolysates were neutralized to pH 7 with 6 nN HCl. The samples 
were lyophilized to dryness and extracted with methanol. The nicotinic 
acid component in each hydrolysate was identified by using radioactivity, 
Ry, CNBr, and microbial tests. The glucuronic acid in the hydrolysate 
of Band 1 was identified by the Dische sulfuric acid carbazole test (9, 10) 
which gives a pink color with hexuronic acids. The reaction was compared 
with that of pure glucuronic acid. The glycine from Band 2 and the 
ornithine in the hydrolysates of Bands 3, 4, and 6 were detected by the 
ninhydrin method and identified by comparison of their Ry values with 
the respective known compounds. 

The compounds in Bands 3 and 4 were each hydrolyzed with 6 N HCl in 
a sealed tube at 100° overnight. After hydrolysis, the HCl was removed 
by repeated evaporation. The hydrolysates were dissolved in H,O and 
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paper-chromatographed by using the n-butanol-acetic acid solvent system. 
The amounts of both ornithine and nicotinic acid were determined in each 
hydrolysate by colorimetric assay of the eluates. The nicotinic acid and 
ornithine were found to be present in a 1:1 molar ratio in both compounds. 

Microbial Tests—Lactobacillus arabinosus and Torula cremoris were used 
for bioautograms (Lin and Johnson (2)). Both organisms showed positive 
responses toward Metabolites 1, 2, 5, and 7. After hydrolysis and paper 
chromatographic separation, the nicotinic acid produced gave a positive 
response for both organisms. 

Enzymatic Study—The identity of the compound in Band | was verified 
by the liberation of nicotinic acid upon treatment with 8-glucuronidase.! 
The assay was carried out by using a 1 per cent solution of 6-glucuronidase 
in 0.075 m phosphate buffer at pH 6.8. 


RESULTS AND DISCUSSION 


Krom the urine of the chick given radioactive nicotinamide, seven dis- 
crete radioactive bands were found upon radioautography of the n-butanol- 
ammonia paper chromatograms. Such a radioautogram is shown in Fig. 1. 
None of the other solvent systems tried gave more compounds or as good 
resolution as these seven. 

The results of the various identification tests are summarized in Table I. 
The identification of the seven metabolites of nicotinamide in chick urine 
is based upon various tests, as follows: The compound in Band | was identi- 
fied as B-nicotinyl-p-glucuronic acid, in view of its reaction with CNBr, 
to identify the nicotinyl part of the molecule, and the specific Dische color 
reaction, to identify the hexuronic acids. Glucuronic acid in a parallel 
run gave the same color reaction. The liberation of nicotinic acid by 
6-glucuronidase gave further proof. In 1955 Van Eys and his coworkers 
(10) also found this compound in rat urine. 

The compound in Band 2 is nicotinuric acid. Its Ry value agreed with 
that of the known compound, and the two did not separate on a mixed 
chromatogram. Hydrolysates contained glycine and nicotinic acid, identi- 
fied by comparison with the known reference compounds on the basis of 
their Rr values. 

The compound in Band 3 gave a positive ninhydrin test for a free 
a-amino group. It was found that hydrolysates contained both ornithine 
and nicotinie acid, which were identified by Ry value, color reactions, and 
microbial tests, as compared to known compounds. Since it shows the 
existence of a free a-N Hb, the peptide linkage of NH. must be on the 6-NH. 
group of ornithine. This compound was thus presumed to be 6-nicotiny! 
ornithine. 


! The 6-glucuronidase was purchased from the Sigma Chemical Company. 
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Band 4 was also found to yield nicotinic acid and ornithine upon hydroly- 
sis. However, the compound itself did not give a positive ninhydrin test. 
Thus, it must be the a-nicotinyl ornithine. ‘The compound in Band 5 was 
identified as nicotinic acid. 

Band 6 showed no color reaction with ninhydrin spray; however, upon 


TABLE I 
Identification of Metabolites of C'4-Nicoltinamide in Chick Urine 
Microbiological test 
Rr MeEtCO- 
Band based arabiosus | eremoris Identified 
No. | padio- | test | Bicotinyl | mary hydrolysis metabolites 
i< 
1:00.01) — + Dische test | + | + | + | + | 8-Nicotinyl- 
+ (pink) p-glucuro- 
nicotinic nic acid 
acid 
2 0.11; + Glycine + + | Nicotinuric 
nicotinic acid 
acid 
3 + + Ornithine + + + | 6-Nicotinyl 
nicotinic ornithine 
acid 
+- Ornithine + + + | a-Nicotinyl 
nicotinic ornithine 
acid 
5 |0.31) + Nicotinic +i + | Nicotinic 
acid acid 
6|0.38 — + = Ornithine + + + | 2,5-Dinico- 
nicotinic tinyl orni- 
acid thine 
7 |0.62) + + + Nicotin- 
amide 


hydrolysis with 1 Nn NaOH in a boiling water bath for 1 hour, four radio- 
active compounds were obtained and two ninhydrin-positive compounds, 
of which one was radioactive. This latter compound corresponded in 
Ry, to Band 3, and another radioactive band below it gave a quenching reac- 
tion to ninhydrin, as previously described, and corresponded to Band 4. 
The other two radioactive compounds were nicotinic acid and unchanged 
Band 6 compound. These results were apparently due to incomplete hy- 
drolysis of dinicotinyl ornithine. 2 N NaOH was then used as described 
previously and yielded only ornithine and nicotinic acid. 
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The compound in Band 7 was excreted in the urine in only trace amounts. 
Its CNBr color reaction, Ry value, and microbial assay identified it as 
nicotinamide. By comparison with the compounds excreted after radio- 
nicotinamide administration, the urine of the chick which received un- 
labeled nicotinic acid was found to contain the same metabolites. 


SUMMARY 


C'™-Carboxyl-labeled nicotinamide and unlabeled nicotinic acid were 
used to study their metabolic excretion products in chick urine. 

Seven nicotinyl derivatives were found to be excreted. The finding 
of dinicotinyl] ornithine and nicotinic acid confirmed the previous studies, 
and, in addition, the new compounds 6-nicotiny! ornithine and a-nicotiny! 
ornithine were found, and 8-nicotinyl-p-glucuronic acid and nicotinuric 
acid not previously noted in chick urine were identified. No methylated 
or quaternary nicotiny! compounds were found in chick urine. 
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AND HEPATIC LIPOGENESIS* 
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The administration of C'-acetate to rats results in the incorporation of 
significant amounts of radioactivity into intestinal long chain fatty acids 
(1, 2). These newly synthesized fatty acids do not have their origin in 
hepatic tissue but are made in the intestine itself (3, 4). In view of the 
various metabolic activities of the intestinal microflora, it was considered 
possible that these microorganisms might have an important role in the in- 
corporation of C't-acetate into intestinal fatty acids. <A recent report of 
Sammons et al. (5) presented evidence that a fecal enterococcus in a fat- 
free environment is capable of synthesizing quantities of neutral fat and 
suggested that such synthesis contributes measurably to fecal fat. 

In order to assess the importance of the flora in the intestinal biosynthesis 
of fat, C'-acetate was administered to antibiotic-treated and pair-fed con- 
trol rats, and the incorporation into fatty acids of the intestinal tract was 
determined in the two groups. The effect of the antibiotics on incorpora- 
tion of the isotope into hepatic fatty acids was also studied. 


EXPERIMENTAL 


Male Sprague-Dawley rats weighing 200 to 300 gm. were maintained on 
Purina laboratory chow and water ad libitum. A control of similar weight 
was selected for each experimental animal and was pair-fed throughout each 
experiment. The antibiotics employed in these experiments included crys- 
talline Aureomycin (Lederle), streptomycin sulfate (Pfizer), and myci- 
fradin (neomycin) sulfate (Upjohn). Fecal bacteria were counted at in- 
tervals, after administration of the antibiotic, to determine the optimal time 
for C'™-acetate administration. Each 12 hour fecal sample was homoge- 
nized in 50 ml. of sterile 0.9 per cent sodium chloride solution, and appro- 
priate dilutions were plated in nutrient agar. 1 ml. of a solution contain- 
ing 3.3 mg. of inert acetate and 20 we. of C4H;COONa was administered 
by stomach tube or by intraperitoneal injection to each rat. After the 
animals were killed, the cecai contents were washed into 50 ml. of sterile 
saline and shaken vigorously. Bacterial counts of appropriate dilutions 

* This paper is based on work performed under Contract AT (40-1)-1033 (No. 5) of 


the United States Atomic Energy Commission. Presented in part at the meeting of 
the Society of American Bacteriologists at Houston, Texas, May, 1956. 
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were made in eosin-methylene blue and Rogosa’s media as reported pre- 
viously (6). The liver and intestine of each rat were removed for fatty 0 
acid analysis. In some experiments the intestinal contents, cecum, and 
cecal contents also were analyzed. Procedures for saponification, extrac- 
tion, and chemical and radioactivity analyses were reported in a previous 
publication (7). To remove any highly active acetate remaining in the 
extracted fatty acids, large amounts of inert acetate were added, and the 
fatty acids were washed thoroughly with water. 

In Experiment I, Aureomycin and streptomycin were mixed with the 
laboratory chow and fed to three experimental rats at a concentration of | 
mg. each per 10 gm. of chow. After an initial 3 hour fast, the animals were 
offered the antibiotic-food mixture over a 10 hour period and then fasted 
for 12 hours. Bacteria in an aliquot of the 12 hour fecal collection were 
plated and counted. After a second 10 hour period of feeding, followed by 
12 hours of fasting, the tracer dose of C'* was injected intraperitoneally. 
The control rats were pair-fed chow without antibiotic 24 hours after the 
experimental animals were started and were treated similarly in all respects. 
Both experimental and control animals were killed 30 minutes after intra- 
peritoneal injection of C'*-acetate. 

In Experiment IT, two rats were fed neomycin mixed with chow at a con- 
centration of 10 mg. per 15 gm. of chow for 24 hours and then given the 
tracer dose of C'-acetate by stomach tube. The controls were pair-fed 
over an equivalent period of time and given C"4-acetate in a similar manner. 
3 hours after isotope administration the animals were killed. Three addi- 
tional rats were given a total of 70 mg. of neomycin by stomach tube in 
two equal doses 24 hours apart. An equal volume of water was given to 
the controls. Food was removed 7 hours after the second oral dose of 
antibiotic. The controls were pair-fed during the corresponding 7 hour 
period. After a fasting period of 5 hours, both groups were given the tracer 
dose of acetate by stomach tube and were killed 12 hours after acetate 
administration. 

In Experiment III, four experimental rats received by stomach tube 1.5 
ml. of a solution containing 50 mg. of neomycin and 10 mg. each of Aureo- 
mycin, streptomycin, and sulfanilamide. The controls received an equal 
volume of water. After a fasting period of 18 hours a tracer dose of C"- 
acetate was administered to all the animals by stomach tube. 5 hours 
later the animals were killed. In this experiment the cecal contents were 
plated only in nutrient agar supplemented with 0.5 per cent glucose, a pro- 
cedure designed to confirm the general decrease in cecal bacteria. 


Results 


In all experiments the antibiotics employed elicited comparable decreases 
in the organisms selected for measurement. To illustrate these changes, 
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the bacteriological data from Experiment II are presented in Table I. The 
changes observed after administration of Aureomycin and streptomycin 
were proportionally the same, as were those induced in the final experiment 


TABLE | 
Decrease in Coliforms and Lactobacilli in Ceca of Rats Given 70 Mg. of Neomycin 
Orally Compared with Pair-Fed Controls 


Microorganisms per gm. dry weight cecal contents 

Rat No. 

Coliforms Lactobacilli 
2061:* 1.1 X 104 1.2 X 10? 
207C* 1.4 X 108 6.5 XK 10° 
208k 0.8 X 10% 1.8 X 10° 
209C 8.2 X 107 1.3 X 108 
210k 3.1 104 0.9 X 10° 
211C 1.9 X 10? 3.1 X 108 

EK, experimental; C, control. 
TABLE II 


Total Radioactivity of Fatty Acids of Intestines, Ceca, and Cecal Contents of Rats Given 
Orally 70 Mg. of Neomycin, and of Pair-Fed Controls, Killed 12 Hours after Oral 
Administration of C'4H;COONa 


Total fatty acids 
Rat No. 
Intestine Cecum Cecal contents 
total mg. total c.p.m. total mg. total c.p.m. total mg. total c.p.m. 

206E* 107 8,430 35.0 895 11.8 1650 
207C* 108 5,810 39.8 700 8.6 495 
208K 129 12,600 29.4 1120 13.2 1560 
209C 99 4,830 22.6 473 6.4 285 
210K 106 5,970 44.2 670 

211C 119 7,300 33.0 325 4.7 198 


* EK, experimental; C, control. 


in which four antibiotics were employed. The coliforms were reduced by 
1000- to 10,000-fold and the lactobacilli by 10- to 500-fold. 

In general the data obtained in the analyses of fatty acids in the various 
experiments were also comparable. In Table II are the results of radio- 
activity determinations on total fatty acids of intestines, ceca, and cecal 
contents of both experimental and control rats in the same representative 
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experiment in which 70 mg. of neomycin were used to decrease the popula- 
tion of intestinal flora. No significant change was found in the C' content 
of intestinal fatty acids because of antibiotic feeding. In this series (Table 
I]) two of the three experimental animals had more total incorporation of 
C4 than did the controls, but this was not observed in all the experiments. 
On the other hand, a greater total activity was found in the cecal fatty 
acids of all experimental rats. An increase in total quantity of cecal fatty 
acid resulted in seven of the nine antibiotic-treated rats in which this anal- 
ysis Was made. 

Increased C"' incorporation into fatty acids, isolated from cecal contents, 
was observed in Experiments I and IT but not in Experiment III, in which 


TABLE III 
Total and Specific Activity of Hepatic Fatty Acids of Rats Given Orally 70 Mg. of 
Neomycin, and of Pair-Fed Controls, Killed 12 Hours after Oral 
Administration of C4H;COONa 


Rat No. | Weight of liver | Total fatty acids 
gm. total meg. | C.p.m. per mg. c.p.m. 

| 6.13 | 205 
207C* | 5.98 | 254 | 8.0 | 2030 
208E | 6.41 | 194 | ee 
209C | 5.83 | 189 | 10.6 | 2000 
210E | 5.96 
211C 6 


.O8 | 235 | 9.8 | 2300 


* KE, experimental; C, control. 


the results were inconsistent. In this experiment the ceca of the antibiotic- 
treated rats were greatly distended and filled with both fluid and solid 
matter. 

Greater total incorporation of the isotope into hepatic fatty acids of anti- 
biotic-treated rats compared with pair-fed controls occurred in all the ex- 
periments (Table III). An increased specific activity of hepatic fatty 
acids was observed also in all rats treated with neomycin or Aureomycin 
and streptomycin. In Experiment III the results of specific activity de- 
terminations were not significantly different between the experimental and 
control. 


DISCUSSION 


The bacterial count in the cecum has been used in our study as a meas- 
ure of the bacterial population of the intestinal tract. Although it is well 
known that the number of organisms in the ileum after antibiotic therapy 
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is decreased to a greater extent than that in the cecum, more reproducible 
counts are obtained by analysis of the cecal flora. The efficacy of oral 
Aureomycin and streptomycin for intestinal antisepsis over short periods of 
time has been established by Metzger and Shapse (8), and Schweinburg e¢ 
al. (9) reported the decimating effect of oral neomycin on the normal flora. 

The reduction in the number of microorganisms in the intestine as a re- 
sult of antibiotic feeding was not paralleled by a decrease in the amount 
of C4 incorporation from acetate into fatty acids. This was true in both 
experiments in which the tracer was administered parenterally, and thereby 
not readily available to the intestinal microflora, and in those studies in 
which the acetate was given orally. The possibility exists that orally ad- 
ministered acetate is entirely absorbed before reaching the ileum, the loca- 
tion of highest concentration of the flora in the small intestine. 

These results indicate that under these experimental conditions the 
intestinal bacteria did not make a substantial contribution to the large in- 
corporation of C'4-acetate into intestinal fatty acids. That the contribu- 
tion of the flora might not be significant had been suggested by the obser- 
vation that fasted rats, which should have a decreased bacterial population, 
excreted, after C'4-acetate administration, total fatty acid radioactivity 
equal to that excreted by fed animals (10). Subsequently, Horn et al. (4) 
established that newly synthesized fatty acids found in the intestinal tract 
did not have their origin in hepatic fatty acids transported to the intestine 
via the bile. Ruyssen and Anciaux (11) had reported that the specific 
activity of plasma lipides, measured shortly after C' administration to 
mice, was rather small and did not vary with the specific activity of hepatic 
fatty acids. Since these newly biosynthesized, labeled fatty acids are not 
transported to the intestine by either the bile or the blood, and since the 
flora do not contribute measurably to their synthesis, they apparently are 
synthesized by intestinal tissue itself. However, these results are not to 
be interpreted as denying the occurrence of incorporation of C!4-acetate 
into long chain fatty acids by intestinal bacteria. Preliminary experiments 
in this laboratory, with cecal contents incubated with glucose nutrient 
supplemented with C'-acetate, have shown that the long chain fatty acids 
of the cecal bacteria do become labeled, although the degree of incorpora- 
tion is very small. 

It is interesting that an increase in C'*-labeled fatty acids and in the total 
amount of fatty acids occurred in the ceca of antibiotic-treated rats. In- 
creased incorporation was observed also in fatty acids of the cecal contents 
in most of the experimental animals. These findings indicate a higher de- 
gree of biosynthetic activity in the gastrointestinal tract of the antibiotic- 
treated animals. The reason for this is not known. 

The results obtained in the analyses of hepatic fatty acids are of signifi- 
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cance since numerous and conflicting reports on the effects of antibiotics, 
especially Aureomycin, on liver lipides have been published (12-15). Au- 
reomycin was observed to cause reversible fatty metamorphosis in the liver 
of man (16) and to be antilipotropic in rats over a period of 15 days (17), 
but it was reported by Gyorgy et al. (18) to exert lipotropic action in rats 
maintained on choline-deficient diets for relatively long periods of time. 
Our data show significantly greater total activity in hepatic fatty acids of 
antibiotic-treated animals within 24 hours of antibiotic feeding and in the 
absence of abnormal amounts of fat in the liver. The cause of this in- 
creased radioactivity is now under investigation in this laboratory. Pre- 
liminary experiments indicate that under these conditions there has been 
no significant interference with the utilization or mobilization of hepatic 
fatty acids. Thus, it is possible that the increase in total activity in hepa- 
tic fatty acids of treated rats represents an actual increase in synthesis of 
fat from administered acetate. The alteration in metabolism may be 
caused either by direct action of the antibiotics on the liver or indirectly 
through the effect on the intestinal microorganisms. 


The authors are grateful for the technical assistance of Mrs. Betty Ber- 
now. 


SUMMARY 


1. The incorporation of C’H;COONa into fatty acids of the intestine, 
ceca, cecal contents, and livers of rats fed Aureomycin plus streptomycin, 
neomycin alone, or a mixture of these antibiotics with sulfanilamide has 
been compared with that of pair-fed control rats. 

2. A decrease in cecal coliforms and lactobacilli induced by antibiotic 
feeding was not paralleled by a decrease in C™ incorporation into intestinal 
fatty acids. An increased total activity in fatty acids of the cecum and of 
the cecal contents was observed in the experimental rats. These findings 
indicate that, in the intact animal given labeled acetate, the intestinal 
flora do not contribute significantly to the high degree of labeling found in 
the intestinal fatty acids. 

3. Increased incorporation of C'-acetate into hepatic fatty acids was 
found in all antibiotic-treated rats compared to pair-fed controls. 


BIBLIOGRAPHY 


1. Coniglio, J. G., Anderson, C. I., and Robinson, C. 8., J. Biol. Chem., 198, 525 
(1952). 

2. Van Bruggen, J. T., Hutchens, T. T., Clayeomb, C. K., and West, Ic. 8., J. Biol. 
Chem., 200, 31 (1953). 

3. Favarger, P., and Gerlach, J., Helv. physiol. et pharmacol. acta, 13, 96 (1955). 

4. Horn, R. G., Blood, F. R., and Coniglio, J. G., Proc. Soc. Exp. Biol. and Med., 
91, 258 (1956). 


J. G. CONIGLIO AND E. J. BELL S811 


. Sammons, H. G., Vaughan, D. J., and Frazer, A. C., Nature, 177, 237 (1956). 
. Bell, E. J., Coniglio, J. G., and Hudson, G. W., Proc. Soc. Exp. Biol. and Med., 


89, 404 (1955). 


. Coniglio, J. G., McCormick, D. B., and Hudson, G. W., Am. J. Physiol., 185, 577 


(1956). 


. Metzger, W. I., and Shapse, J. B., J. Bact., 59, 309 (1950). 
. Schweinburg, F. B., Jacob, S., and Rutenburg, A. M., Proc. Soc. Exp. Biol. and 


Med., 79, 335 (1952). 


. Coniglio, J. G., Anderson, C. E., and Robinson, C. 8., Am. J. Physiol., 177, 69 


(1954). 


. Ruyssen, R., and Anciaux, H., International Congress on Biochemical Problems 


of Lipids, Brussels, 299 (1953). 


. Lepper, M. H., Wolfe, C. K., Zimmerman, H. J., Caldwell, E. R., Jr., Spies, H. 


W., and Dowling, H. F., A. M. A. Arch. Int. Med., 88, 271 (1951). 


. Lepper, M. H., Zimmerman, H. J., Carroll, G., Caldwell, EK. R., Jr., Spies, H. W., 


Wolfe, C. K., and Dowling, H. F., A. M. A. Arch. Int. Med., 88, 284 (1951). 


. Sutherland, D. A., Mann, J. D., Giges, B., and Seligson, D., Proc. Soc. Exp. Biol. 


and Med, TT, 458 (1951). 


. Sborov, V. M., and Sutherland, D. A., Gastroenterology, 18, 598 (1951). 

. Yesner, R., and Kunkel, P., Yale J. Biol. and Med., 23, 299 (1951). 

. Abedi-Djourabtschi, M., and Hartmann, F., Z. physiol. Chem., 298, 193 (1954). 
. Gyorgy, P., Stokes, J., Jr., Goldblatt, H., and Popper, H., J. Exp. Med., 93, 513 


(1951). 


er 
)s 
9 
n- 
e- 
15 
16 
17 
18 
l, 
LS 
of 
| 
n 
l. 
XUM 


THE SYNTHESIS AND BIOLOGICAL PROPERTIES OF 
FATTY ACYL ADENYLATES* 
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Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, October 26, 1956) 


Mixed anhydrides of carboxylic acids with adenylic acid (adenosine 
5’-phosphoric acid, AMP") have been recently implicated as possible inter- 
mediates in the metabolic conversion of fatty acids to fatty acid-coenzyme 
A derivatives (1-3) and in the activation of amino acids for protein synthe- 
sis (2, 4-8) and of carbon dioxide for the carboxylation of 6-hydroxyiso- 
valeryl coenzyme A (9, 10). 

The syntheses previously reported for these mixed anhydrides involved 
the coupling of silver adenylate with an acyl chloride (1, 2, 6) or the con- 
densation of adenylic acid with a fatty acid (3) in the presence of dicyclo- 
hexyl carbodiimide (11). Avison (12) has recently described the prep- 
aration of acyl phosphates in which acid anhydrides are used in aqueous 
pyridine. We wish to report here the use of fatty acid anhydrides for the 
synthesis of certain fatty acid adenylates and the behavior of these com- 
pounds in systems metabolizing fatty acids. 

pyridine 


+ (RCO).0 
| 


O 


adenosine—O—P—O—CR + RCOO- 


EXPERIMENTAL 


Hexanoic anhydride was obtained from the Fisher Scientific Company. 
Octanoic anhydride was prepared from octanoyl chloride, and octanoic 


* Supported by grants of the National Science Foundation and the American 


Cancer Society. 

1 The abbreviations used are AMP, adenosine 5’-phosphorie acid (adenylic acid); 
ATP, adenosine 5’-triphosphate; AA, acetyl adenylate; HA, hexanoyl adenylate; 
OA, octanoyl adenylate; DPN, diphosphopyridine nucleotide; PP, pyrophosphate; 
CoA, coenzyme A. 
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acid by the method of Allen et al. (13). AMP was obtained from the 
Sigma Chemical Company, St. Louis. 

Preparation of Acyl Adenylates—AMP (230 mg.) was dissolved in 2.5 
ml. of 80 per cent aqueous pyridine. The solution was stirred vigorously 
at 0° and the acid anhydride (0.22 ml. of acetic anhydride or 0.4 ml. of 
hexanoyl anhydride) was added dropwise. After being stirred for 15 
minutes, the reaction mixture was washed repeatedly with cold ether and 
the washings were decanted. The addition of ice-cold acetone (10 ml.) 
produced a gummy precipitate which was rubbed with a glass rod and 
further washed with cold acetone (total volume, 50 to 70 ml.) to give an 
amorphous product which could be easily filtered. 


TABLE I 
Analytical Data 
Preparations Purity* Labile acyl contentt 

per cent per cent moles 
AMP 1.02 
AA 92 Found, 12.4 (theoretical, 11.2) 0.90 
HA 94 - 25.6 ( 21.8) 0.93 
OA 85 26.2) 


* As found by electrophoretic separation from AMP and spectrophotometric de- 


termination at 259 mu. 
t Determined colorimetrically. These values would suggest some formation of 


the diacyl adenylates (not separable by electrophoresis, possibly due to their ready 
decomposition). 


Octanoyl adenylate was prepared as above at room temperature by use 
of 0.4 ml. of octanoyl anhydride. 

Analytical Methods—The mixed anhydrides were estimated by colori- 
metric measurement of the labile acyl group according to Avison’s modifi- 
cation (12) of the hydroxylamine-ferric chloride color reaction, acetic 
anhydride and dilithium acetyl phosphate being used as standards. An 
independent estimation was made by measurement of the ultraviolet ab- 
sorption at 259 mu after electrophoretic separation from adenylic acid. 

Electrophoresis was carried out at 4° on Whatman No. 3 paper with a 
0.05 m phosphate buffer at pH 6.8. For estimation of AMP and mixed 
anhydrides, ultraviolet-absorbing zones were eluted with 2 per cent potas- 
sium carbonate. Electrophoretic mobilities relative to AMP (Ramp) 
were mixed anhydrides 0.7, AMP 1.0, ATP 1.2. 

Periodate titrations were performed on 20 mg. samples dissolved in 0.01 
M sodium metaperiodate (14). 

Some typical analytical data are given in Table I. 


— 
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Properties of Mixed Anhydrides—Deamination with nitrous acid re- 
sulted in loss of the ultraviolet-absorbing maximum (characteristic of 


TABLE IIL 
Acetylation of Sulfanilamide by Acetyl Adenylate 


Additions to incubation mixture Liver extract CoA or 
per cent 
ATP + acetate _ + 
+ + +. 92 
4 + 8 
Acetate -+- 1 
AMP + acetate + + 1 
AA _ + 1 
58 
6 


Incubation mixture: the final volume of 2.6 ml. contained 1.16 wmoles of sulfanil- 
amide, 7.5 umoles of cysteine, 25 umoles of MgCl., and, when present, 100 umoles of 
potassium acetate, 0.086 wmole of CoA, 3 wmoles of ATP or AA, and 1 ml. of liver 
extract (15). Final pH, 7.5. Incubation, 2 hours at 38°. 


TABLE III 
Effect of Barbiturates on Acetylation of Sulfanilamide 
Additions to incubation mixture Liver extract pei re 
per cent 

ATP + acetate _ 

AA 

+ 36 

‘“« + thiopental +- 17 

‘¢ + phenobarbital + 3 


Incubations and additions as in Table I. (CoA is present throughout.) Thio- 
pental and phenobarbital added = 25 umoles. 


adenine) at 259 mu. Samples of 90 per cent purity and greater consumed 
periodate almost quantitatively. 

Upon being stored in the dry state at —15°, the anhydrides markedly 
decomposed as indicated by reduction in the color reaction with hydroxyl- 
amine-ferric chloride and decreased utilization by enzyme systems for the 
acetylation of sulfanilamide and oxidation of fatty acids. 

In aqueous solutions, the mixed anhydrides were unstable with maximal 
stability in the pH range, 5.0 to 7.4. 
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Acetylation with Acetyl Adenylate—Extracts of pigeon liver for the acet- 
ylation of sulfanilamide were prepared according to the procedure given 
by Novelli (15). Coenzyme A was removed by treatment with acid- 


TaBLeE IV 
Incubation of Liver Extracts with Acetate-1-C™“, Followed by Electrophoresis 


Radioactivity at 


Period of incubation 
Ramp = 0.0 Ramp = 0.7 

min. c.p.m. c.p.m. 

5 50 0 
10 120 0 
15 210 10 
25 150 0 
40 320 0 
65 400 5 


Incubation as previously described, but with CoA omitted; total volume, 0.4 ml. 
50 wl. withdrawn for electrophoreses. Initial activity of added acetate-C"™ equiva- 
lent to 0.8 X 108 c¢.p.m. All radioactivity data refer to counts per minute per 50 
ul. of sample. 


TABLE V 
Respiration by Washed Rat Liver Mitochondria 
Additions uptake 
wl. per hr 
Hexanoy] adenylate 105.5 


Incubation mixture: 400 y of cytochrome c, 4 uwmoles of DPN, 15 umoles of KCl, 
20 umoles of MgCle, 80 umoles of potassium phosphate buffer, pH 7.4, 5 wmoles of 
potassium hexanoate; ATP, AMP, and HA = 10 wmoles. Mitochondria added in 
sucrose suspension (1 ml.). Final volume, 3.6 ml.; gas phase, air. Incubated with 
shaking at 38°. 


washed charcoal (16) at 0°. Acetyl adenylate replaced the requirement 
for ATP and acetate in the presence of CoA for the acetylation of sulfanil- 
amide (Table II). 

The addition of barbiturates was found to depress acetylation by acetyl 
adenylate to some extent. This is similar to the effect described by Marks 
(17) for the acetylation by acetate in the presence of ATP (Table III). 

Incubation of acetate-1-C' with ATP and pigeon liver extracts in the 
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absence of CoA, with or without the added carrier acetyl adenylate, failed 
to yield any detectable activity in the recovered acetyl adenylate, nor was 
any evidence of synthesis of this substance indicated. 

Samples were withdrawn from the incubation mixture at varying times 
and dried at room temperature on paper electrophoretic strips. Essen- 
tially no activity was recovered from zones corresponding to acetyl adenyl- 
ate (Ramp 0.7), although significant radioactivity was found in the im- 
mobile spot (Ramp 0.0), this radioactivity increasing with the period of 
incubation (Table IV). Added acetyl adenylate was always recoverable 
from the paper under these conditions. 

Oxidation of Fatty Acid Adenylates—Washed liver mitochondria were 
prepared from male Wistar rats according to the method of Judah and 
Rees (18). Upon incubation with a fatty acid and ATP, active uptake of 
oxygen was observed, while addition of fatty acid adenylates resulted 
in a similar uptake of oxygen (Table V). 


DISCUSSION 


Although the mixed anhydrides of fatty acids and adenylic acid are 
characterized and purified with difficulty because of their marked in- 
stability, it has been possible to show that these synthetic compounds have 
the structures of anhydrides by (a) the color reaction for labile acyl groups, 
(b) the presence of free vicinal hydroxyl groups by periodate oxidation, 
(c) the presence of a free amino group on the adenine moiety capable of 
deamination to give the corresponding inosine compounds, and (d) the 
reduced electrophoretic mobility of these compounds compared with that 
of AMP. 

In the appropriate enzyme systems, these mixed anhydrides were capa- 
ble of acting as acyl donors, 7.e. as ‘“‘activated”’ fatty acids, replacing the 
requirement for ATP for activation of the free fatty acids. However, 
these anhydrides may not necessarily be true intermediates in the activa- 
tion process. 

Though Berg (1) and Berg and Newton (2) have presented evidence that 
acetyl adenylate is an intermediate in the reaction 


ATP + acetate + CoA = AMP + PP + acetyl CoA 


the present failure to find any appreciable biosynthesis of radioactive 
acetyl adenylate in the acetate-activating and sulfanilamide-acetylating 
system from pigeon liver would suggest that perhaps acetyl adenylate, in 
the free state at least, is not a true active intermediate. The finding of 
radioactivity associated with the electrophoretically immobile fraction 
(denatured enzymes and proteins) after incubation of acetate-C™ with 
the activating enzymes appears to confirm the conclusions of Jones et al. 
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(19) that the active intermediate is probably an enzyme complex, though 
this might conceivably be in the form of bound acetyl (Ac) adenylate anal- 
ogous to the “active amino acid”? complex as proposed by Hoagland et 
al. (5). 
In the light of these observations we would propose the following inter- 
pretation of some of the findings of Berg (1) and Berg and Newton (2): 


AcOH + ATP + enzyme — enzyme-Ac-AMP + PP — AcCoA 
NH2OH 
AcNHOH 


The pathways shown above would explain Berg’s observations such as 
the formation of acetohydroxamic acid from ATP and acetate in the pres- 
ence of hydroxylamine, and of ATP® on incubation of AA and PP. The 
broken line indicates a possible pathway for the acetylation of CoA by AA 
without the intermediate formation of the ‘‘active acetyl’’-enzyme complex 
(z.e. non-specific acetylation by transfer of the reactive acetyl group). 

Such a scheme would explain the non-accumulation of radioactive acety| 
adenylate and the apparently reduced efficiency of synthetic acetyl adenyl- 
ate compared with ATP and acetate in furnishing “active acetyl” groups 
for the acetylation of sulfanilamide. 


SUMMARY 


1. The synthesis of mixed anhydrides of adenylic acid with acetic, hexa- 
noic, and octanoic acids is described. 

2. Acetyl adenylate replaced adenosine triphosphate (ATP) and acetate 
in the sulfanilamide-acetylating system of pigeon liver, but with reduced 
activity. 

3. Radioactive acetyl adenylate could not be isolated, after incubation 
of acetate-1-C™ and ATP in the presence of carrier acetyl adenylate. 

4, Hexanoyl and octanoyl adenylates were readily oxidized by rat liver 
mitochondria and replaced the ATP requirement for the oxidation of hexa- 
noic and octanoic acids, respectively. 

5. Barbiturates were found to inhibit acetylation by acetyl adenylate in 
the pigeon liver system. 


We are indebted to Dr. D. C. Dittmer, Department of Chemistry, Uni- 
versity of Pennsylvania, for the preparation of acetyl phosphate. 


Addendum—Since this work was carried out, two independent reports (20, 21) 
have appeared, describing the preparation of butyryl and acetyl adenylates from 
the corresponding acid anhydrides. Berg (21) has reported that he was unable to 


AA ---------CoA, 
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demonstrate any accumulation of acetyl adenylate, formed enzymatically from 
adenosine triphosphate and acetate, in the purified acetate-activating system from 


yeast. 
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PATHWAY OF NORADRENALINE FORMATION FROM DOPA 


By NORMAN KIRSHNER 


(From the Departments of Biochemistry and Physiolegy, Duke University 
School of Medicine, Durham, North Carolina) | 


(Received for publication, November 30, 1956) 


Three compounds have each been postulated as the possible immediate 
precursor of noradrenaline (1): p-hydroxyphenylethanolamine, dihydroxy- 
phenylserine, and hydroxytyramine. Erspamer (2) found p-hydroxy- 
phenylethanolamine in the salivary gland of the octopus; however, the 
compound has not been reported to be present in mammalian tissues, nor 
has it been shown that it can be converted to noradrenaline by enzymatic 
action. Beyer (3) and Blaschko ef al. (1) have demonstrated that dihy- 
droxyphenylserine is slowly decarboxylated by rabbit and guinea pig kidney 
extracts to form noradrenaline. Schmiterl6w (4) found that the nor- 
adrenaline content of rabbit urine was increased after injection of dihy- 
droxyphenylserine. This compound, however, has not been shown to 
occur 1n Mammalian tissue. Goodall and Kirshner (5) demonstrated that 
adrenal slices and homogenates could form adrenaline and noradrenaline 
from tyrosine, from dihydroxyphenylalanine, and from hydroxytyramine, 
and presented evidence that, in the formation of noradrenaline, tyrosine 
was successively converted to dihydroxyphenylalanine, hydroxytyramine, 
and noradrenaline. It is now shown that the alternate pathway, tyrosine to 
dihydroxyphenylalanine to dihydroxyphenylserine to noradrenaline (Fig. 
1), is involved, if at all, to only a minor extent in the formation of nor- 
adrenaline. 


EXPERIMENTAL 


Fresh bovine adrenal medullae were homogenized in 9 volumes of ice- 
cold 0.25 M sucrose with a Potter-Elvehjem homogenizer. After removal of 
unbroken cells by centrifuging at 1000 * g for 10 minutes, the homogenate 
was centrifuged at 25,000 X g for 20 minutes. The supernatant fluid was 
decanted and saved. The particulate fraction was washed three times by 
suspending in 0.25 m sucrose and centrifuging at 25,000 X g for 15 minutes; 
the washings were discarded. After the third wash, the particulate fraction 
was suspended in 0.25 m sucrose to give a 1:5 dilution based on the original 
weight of tissue. All operations were carried out at 0-—5°. 

Adenosine triphosphate, diphosphopyridine nucleotide, glucose, and 
pyridoxal phosphate were added to each of the reaction vessels. Although 
the requirement of none of the above compounds, except pyridoxal phos- 
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phate, has been demonstrated, stimulation of noradrenaline synthesis has 
been observed in several instances upon the addition of the compounds to 
the medium. Schales and Schales (6) have shown that pyridoxal phos- 
phate increases the dopa decarboxylase activity of guinea pig kidney ex- 
tracts. 

After the incubations described in Table I, 10 per cent trichloroacetic 
acid extracts were prepared. Adrenaline, noradrenaline, and hydroxy- 
tyramine were then separated by ion exchange chromatography and assayed 
according to Kirshner and Goodall (7, 5). Radioactivity was measured 
with a thin window flow counter (Nuclear Instrument and Chemical 
Corporation) having a background count of 15 to 16¢.p.m. All data have 
been corrected for background radiation. — 


CHe ~CH - COOH CH2-CHe-NHoe 
HO HO 
OH 


OH 
DOPA HYDROXYTYRAMINE 


OH OH 
CH -CH -COOH CH -CH2-NHe2 
HO NH2 HO 
OH 


OH 
DIHYDROXYPHENYLSERINE NORADRENALINE 
Fic. 1. Alternate pathways for the formation of noradrenaline from dopa 


RESULTS AND DISCUSSION 


Table I presents the data obtained when the supernatant fraction, the 
particulate fraction, and combinations of these two are incubated with 
dopa-2-C'*. The second phase of the incubation followed immediately 
after the first phase. When the gaseous atmosphere was nitrogen, the 
tubes were flushed with a stream of nitrogen for 3 minutes preceding the 
incubation. The data reported are for single experiments; however, the 
same qualitative results were always obtained on repetition. 

The data show that appreciable quantities of noradrenaline are formed in 
only two instances; first, when the supernatant fraction and the particulate 
fraction are incubated together with dopa under oxygen (Experiment 1a), 
and, second, when the supernatant fraction is incubated with dopa anaero- 
bically, followed by incubation with the granular fractions under oxygen 
(Experiment 2e). In all other instances the amounts of noradrenaline 
formed are slight. 
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Upon inspection of the data it can be seen that the enzyme system 
responsible for hydroxylating the side chain of the noradrenaline precursor 
is associated with the particulate fraction of the cells. When dopa is 
incubated under oxygen with either the supernatant fraction (Experiments 
Ib, 2a) or the particulate fraction (Experiments 1d, 2c), relatively little 


TABLE I 
Formation of Hydroxytyramine and Noradrenaline from Dopa 
Phase I Phase II C.p.m. 
men 
E 
No. Gas phase Time prepa Gas phase Time 
la P+5 O2-CO,» 3 None | Neo 1 145 9,610 | 14,950 
b S O2-COz 3 " Ne 1 30 330 | 60,200 
c Ss O2-CO»z 3 P No 1 80 575 | 48,100 
d P O.-CO, 3 None | Ne 1 20 375 1,500 
e P Oo-CO>z 3 {8 Ne 1 35 450 | 82,050 
f P Ne 3 30 30 | 5,560 
2a Ss O.-CO>z 3 85 1,730 | 63,000 
b S+ BP O2-CO>» 3 35 1,720 | 66,840 
c P+ BS O2-CO,z 3 50 130 | 2,320 
d P + BS* 3 | St No 50 500 | 66,800 
e S* No 1 P Os-CO>2 3 90 10, 300 25, 730 
| 


Kach reaction flask contained 10 uwmoles of adenosine triphosphate, 0.5 umole of 
diphosphopyridine nucleotide, 50 y of pyridoxal phosphate, 10 wmoles of glucose, 
0.5 we. of pL-dopa-2-C' (specific activity, 0.835 me. per mmole; 5 X 10° ¢.p.m.), and 
1.0 ml. of the Krebs phosphate buffer (8). 1 ml. of the supernatant fraction and 
0.5 ml. of the particulate suspension were used as indicated; the final volume in 
each instance was adjusted to 3.0 ml. by the addition of the Krebs phosphate buffer. 
The flasks were oxygenated by bubbling 95 per cent O.-5 per cent CO, through the 
mixture. All incubations were at 37°. S = supernatant fraction; P = particulate 
fraction; BS = boiled supernatant fraction; BP = boiled particulate fraction. 

* Reaction mixture boiled prior to Phase II. 

t 1000 X g supernatant fluid obtained from guinea pig kidney homogenate. 


noradrenaline is formed; the addition of boiled supernatant fluid (Experi- 
ment 2c) to the particulate fraction, or of boiled particles to the superna- 
tant fraction (Experiment 2b), has no effect on the amounts of noradrenal- 
ine formed. However, when dopa is incubated anaerobically with the 
supernatant fractions, and this reaction mixture is boiled and then incu- 
bated under oxygen with the particulate fraction, noradrenaline is formed 
(Experiment 2e). 

I’rom the data it can be concluded that the pathway involving dihydroxy- 
phenylserine as an intermediate operates, if at all, to only a minor extent 
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in the formation of noradrenaline from dopa. It has been shown (1, 3) 
that dihydroxyphenylserine is decarboxylated by animal tissue. It has also 
been shown that dopa decarboxylase is found in the supernatant fraction 
of centrifuged adrenal homogenates (9). If dihydroxyphenylserine were 
an obligatory intermediate in the formation of noradrenaline, then incuba- 
tion of dopa with the particulate fraction should produce noradrenaline, or 
dihydroxyphenyls-rine, or both; if significant amounts of dihydroxyphenyl- 
serine were formed in this reaction, then anaerobic incubations of the 
reaction mixture with the supernatant fraction should have produced nor- 
adrenaline. When these incubations were carried out (Experiments 1d, 
le, 2c, 2d) little noradrenaline was formed in comparison to the amounts 
formed in Experiments la and 2e. That a heat-stable cofactor of the 
supernatant fluid might be involved in the hydroxylation of the side chain 
of dopa by the particulate fraction is excluded by Experiment 2d. 

The possibility that dihydroxyphenylserine might be formed in the 
supernatant fraction and decarboxylated by the particulate fraction is 
eliminated by Experiments Ib and Ic. Since the side chain of dopa can- 
not be hydroxylated to any appreciable extent by either the supernatant 
fraction or the particulate fraction, it is unlikely that dihydroxyphenyl- 
serine is an intermediate in the formation of noradrenaline. 

The data obtained are consistent with the hypothesis that hydroxy- 
tyramine is the precursor of noradrenaline. Anaerobic incubation of the 
supernatant fraction with dopa produces hydroxytyramine; incubation of 
this boiled reaction mixture with the particulate fraction produces nor- 
adrenaline (Experiment 2e). Because of the presence of a monoamine 
oxidase in the particulate fraction, it was not possible to show a stoichio- 
metric relationship between hydroxytyramine and noradrenaline. 


SUMMARY 


1. A 25,000 X g supernatant fraction and a particulate fraction were pre- 
pared from homogenates of bovine adrenal medullae. 

2. Incubation of the combined supernatant and particulate fractions with 
dopa-2-C' produced C'-hydroxytyramine and C'*-noradrenaline; incuba- 
tion of dopa with either one of the fractions produces only hydroxytyramine. 

3. Aerobic incubation of dopa with either the supernatant fraction or 
the particulate fraction, followed by anaerobic incubation after addition of 
either the supernatant fraction to the particulate fraction or particles to 
the aerobic supernatant fraction, produces only hydroxytyramine. 

4. Anaerobic incubation of dopa with the supernatant fraction, followed 
by aerobic incubation with the particulate fraction, produces hydroxytyra- 
mine and noradrenaline. 
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5. The data obtained indicate that the formation of noradrenaline from 
dopa does not involve dihydroxyphenylserine as an intermediate. 
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INACTIVATION OF LIPOPROTEIN LIPASE 
BY HEPARINASE* 


By EDWARD D. KORN 


(From the Laboratory of Cellular Physiology and Metabolism, National Heart I nslitule, 
National Institutes of Health, Bethesda, Maryland) 


(Received for publication, October 22, 1956) 


The ability of administered heparin to ‘clear’ lipemic plasma has been 
adequately explained (2, 3) in that it induces the appearance in the plasma 
of lipoprotein lipase, an enzyme which catalyzes the hydrolysis of the tri- 
glyceride moiety of chylomicrons and £-lipoproteins. This has caused a 
shift in emphasis from heparin to the lipase which, normally present in 
several tissues (4), appears to play a major role in the intermediary metab- 
olism of lipides (5, 6). The relation, if any, of heparin to lipoprotein lipase 
has remained obscure. 

The dramatic effect of heparin in vivo is shared by many high molecular 
weight anions such as phosphotungstate, silicotungstate, and polymeta- 
phosphate as well as several heparinoids (7, 8). This does not, then, 
indicate a unique role for heparin under physiological conditions. The 
inhibition and eventual precipitation of lipoprotein lipase by protamine 
(2) and divalent cations' suggest the necessity for activity of anionic 
groups, but not necessarily heparin. Similarly, the activation by heparin 
of lipoprotein lipase from rat heart and adipose tissue (2, 4) need not im- 
plicate this mucopolysaccharide as a cofactor, but may only indicate the 
presence of a cationic inhibitor in the original extract. An unequivocal 
answer to this question requires the preparation of a highly purified lipo- 
protein lipase and the direct determination of its carbohydrate content. 

The isolation in this laboratory of Flavobacterium heparinum (9, 10), an 
organism which can utilize heparin adaptively as its sole source of carbon, 
nitrogen, and sulfur, has permitted another useful approach to this prob- 
lem. Extracts of acetone powders of the adapted bacteria catalyze a 
rather extensive degradation of heparin to products that indicate the 
presence of a sulfamidase, a sulfesterase, and at least one glycosidase in 
the enzymic preparation (11, 12). These enzymes may be referred to 
collectively as “heparinase.”” The bacterial extracts also catalyze the 
degradation of hyaluronic acid and chondroitin sulfate (13). 

However, only the degradation of heparin is inhibited by 0.2 mM NaCl, by 
the complete absence of ions, and by preheating the extract at 40° for 5 


* A preliminary report of some of the data in this paper has been published (1). 
'—. D. Korn, unpublished data. 
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minutes. The optimal temperature for the hydrolysis of heparin is 20-30°, 
whereas the two other substrates are degraded at a maximal rate when 
incubated at 40-50°. Furthermore, both hyaluronic acid and chondroitin 
sulfate, in marked contradistinction to heparin, are degraded equally well 
by extracts of bacteria that were not adapted to heparin. These proper- 
ties of heparinase may reflect the characteristics of one or more of the 
constituent enzymes. 

The bacterial extracts also contain some slight proteolytic activity that 
is present in preparations from both adapted and non-adapted cells, is 
more active at 37° than at 24°, and is not influenced by those conditions 
which activate or inhibit heparinase. 

The experiments presented below demonstrate that extracts of adapted 
F. heparinum catalyze the inactivation of lipoprotein lipase and that the 
responsible enzyme or enzymes have all the known properties of heparinase. 


Materials and Methods 


Bacterial E-xtracts—F. heparinum was grown and adapted to heparin as 
described previously (10). Acetone powders of the adapted bacteria were 
extracted with 0.025 mM phosphate buffer, pH 8.0 (10 mg. per ml.). The 
resultant solution had a protein concentration of 1 mg. per ml. Extracts 
of unadapted bacteria were prepared in an identical manner, except that 
the original growth medium did not contain heparin and the adaptation 
step was omitted. The protein concentration of the final extract was also 
1 mg. per ml. 

In one experiment a “deionized”’ preparation was used and prepared as 
follows: 150 mg. of acetone powder of adapted bacteria were extracted 
with 4 ml. of water. The extract was adjusted to 0.005 m ethylenediamine- 
tetraacetate (EDTA) and dialyzed for 1 hour against 0.001 m EDTA and 
then against three changes of water overnight. The precipitated protein 
was dissolved in 1 ml. of glycylglycine buffer, pH 7.5. This preparation 
is referred to as ‘‘dialyzed adapted bacterial extract.’ 

Lipoprotein Lipase—Partially purified lipoprotein lipase was prepared 
from chicken adipose tissue as described elsewhere (14). The solution 
used contained 10 mg. of protein per ml. of 0.025 Mm ammonia. In one 
experiment a ‘‘deionized”’ enzyme was prepared as follows: The enzyme 
solution was adjusted to 0.005 mw EDTA and dialyzed for 1 hour against 
0.001 Mm EDTA and overnight against distilled water. The resultant pre- 
cipitate was dissolved in twice the original volume of 0.025 M glyeylglycine 
buffer, pH 7.5. This preparation is referred to as ‘‘dialyzed lipoprotein 
lipase.”’ 

Assay— After incubation of lipoprotein lipase with the bacterial extracts, 
as described below, the heparinase activity of the bacterial extract was 
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inactivated selectively by heating at 40° for 5 minutes. The lipoprotein 
lipase activity was then assayed in the usual manner. 0.4 ml. of 10 per 
cent albumin, pH 8.5, 0.05 ml. of 1 M ammonium sulfate, and 0.05 ml. of 
4 per cent activated coconut oil were added, the volume was adjusted to 
1 ml. with water, and the vessels were incubated for 1 hour at 37°. The 
glycerol produced was oxidized by periodate to formaldehyde, which was 
then determined colorimetrically with chromotropic acid. In a typical 
experiment, one-third of the triglyceride was hydrolyzed by the fully active 
enzyme. 


RESULTS AND DISCUSSION 


When incubated with small amounts of the extract of adapted bacteria, 
lipoprotein lipase is extensively inactivated (Fig. 1). Approximately 10 ¥ 


UNADAPTED 


& ADAPTED 


0.05 0.10 
ML. OF BACTERIAL EXTRACT 
Fic. 1. Inactivation of lipoprotein lipase as a function of the concentration of the 
bacterial extract. 0.1 ml. of lipoprotein lipase and the indicated volume of bacterial 
extract were adjusted to a volume of 0.3 ml. with 0.025 m phosphate buffer, pH 8.0, 
und incubated for 15 minutes at 24°. 


% OF ORIGINAL 


ACTIVITY 


of bacterial protein are sufficient to inactivate, by 60 per cent, 1 mg. of 
the partially purified lipase. Addition of more bacterial extract further 
inactivates the lipase but at a much slower rate. It is possible that the 
processes that account for the first 60 per cent of inactivation and the final 
40 per cent are different. The lipoprotein lipase activity that remains 
after 60 per cent inactivation, however, is identical with that of the original 
enzyme in all respects. The extent of inactivation is proportional to the 
time of incubation (Fig. 2). The activity of the bacterial extract is com- 
pletely stable to prolonged dialysis. 

The following data indicate some of the properties of the enzyme in the 
bacterial extract responsible for at least the first phase of inactivation of 
lipoprotein lipase. Maximal activity is obtained upon incubation at 
20-30° (Fig. 3). The enzyme is completely inactive in the presence of 
0.2 m NaCl and its activity is seriously impaired, if not completely de- 
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stroyed, by preheating at 40° for 5 minutes (Table I). (The slope of the 
curve obtained with the preheated extract is similar to that of the second 


100 T T T 30 ond 
OF 
20+ ~ 
Z 60 = 
1i0° 20° 30° 40° 
% 10 20 30 40 50 60 TEMPERATURE OF 
MINS. OF INCUBATION INCUBATION 
Fig. 2 Fia. 3 


Fig. 2. Inactivation of lipoprotein lipase as a function of the time of incubation. 
0.2 ml. of lipoprotein lipase, 0.01 ml. of adapted bacterial extract, and 0.09 ml. of 
0.025 m phosphate buffer, pH 8.0, were incubated at 24° for the indicated period of 
time. 

Fig. 3. Inactivation of lipoprotein lipase by adapted bacterial extract as a func- 
tion of the temperature of incubation. 0.2 ml. of lipoprotein lipase, 0.01 ml. of 
adapted bacterial extract, and 0.09 ml. of 0.025 m phosphate buffer, pH 8.0, were in- 
cubated for 15 minutes at the indicated temperatures. 


TABLE I 


Effect of Salt and Heat on Ability of Adapted Bacterial Extract 
to Inactivate Lipoprotein Lipase 


Extract Conditions Inhibition 
ml. per cent 
0.005 23 
0.010 43 
0.02 0.2m NaCl 0 
0.02 Preheated 40°, 5 min. 19 
0.10 40°,5 44 


0.2 ml. of lipoprotein lipase and the adapted bacterial extract were adjusted to 
0.3 ml. with 0.025 m phosphate buffer, pH 8.0, and incubated for 15 minutes at 24°. 
One vessel contained 0.2 mM NaCl; two vessels contained bacterial extract which had 
been preheated for 5 minutes at 40°. 


phase of inactivation by the untreated extract.) The reaction requires 
the presence of ions (Fig. 4). Extracts of unadapted bacteria are much 
less active (Fig. 1), and once again the curve of inactivation parallels the 
second part of the curve obtained with the adapted bacterial extracts. 
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All preparations of adapted and unadapted bacterial extracts used were 
also assayed for their ability to degrade heparin, hyaluronic acid, and 
chondroitin sulfate and for their proteolytic activity with the expected 
results. 

In view of this evidence it seems reasonable to conclude that at least 
the major inactivation of lipoprotein lipase by extracts of adapted F. 
heparinum is due to one or more of the enzymes which catalyze the degra- 
dation of heparin and that lipoprotein lipase is a mucoprotein that con- 
tains a mucopolysaccharide very similar to heparin as an integral part of 
the molecule. 
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Fic. 4. Inactivation of lipoprotein lipase by adapted bacterial extract in the 
presence and absence of ions. 0.4 ml. of dialyzed lipoprotein lipase and the indicated 
volume of dialyzed adapted bacterial extract were incubated in a total volume of 
0.5 ml. of 0.025 m glycylglycine buffer, pH 7.5, with and without added ions. Iden- 
tical results were obtained with 0.005 m MgCls, 0.02 m (NH4)2SO,4, and 0.02 m phos- 
phate buffer, pH 7.5. 


SUMMARY 


Incubation of lipoprotein lipase with bacterial heparinase under rather 
specific conditions results in the inactivation of the lipase. All those 
conditions which inactivate (or activate) the heparinase have the identical 
effect on the ability of the preparation to inactivate lipoprotein lipase. 
This is interpreted as evidence for the presence of a heparin-like muco- 
polysaccharide as an integral part of the enzyme, lipoprotein lipase. 
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LIPOPROTEIN LIPASE OF CHICKEN ADIPOSE TISSUE 


By EDWARD D. KORN axv THOMAS W. QUIGLEY, Jr. 


(From the Laboratory of Cellular Physiology and Metabolism, National Heart I nstitule, 
National Institutes of Health, Bethesda, Maryland) 


(Received for publication, October 22, 1956) 


In recent publications (1-3), the clearing factor of postheparin plasma 
has been identified with a lipoprotein lipase obtained from rat, rabbit, and 
calf heart and rat and rabbit adipose tissue. This enzyme catalyzes the 
hydrolysis of the triglyceride moiety of chylomicrons and low density 
8-lipoproteins. The hydrolysis of simple triglyceride emulsions is also 
catalyzed by lipoprotein lipase but at a much slower rate. Lipoprotein 
lipase has now been obtained from chicken adipose tissue; some of the 
properties of the enzyme from this source are described in this paper. 


Materials and Methods 


Enzyme—F¥rozen chicken fat was obtained from commercial sources, 
trimmed of extraneous material, passed through a meat grinder, and de- 
fatted with acetone at room temperature. The resultant fibrous mat was 
cut into small pieces and extracted for 1 hour at 0° with 0.025 Mm ammonia 
(50 mg. per ml.). The insoluble residue was then removed by centrifuga- 
tion and the supernatant solution lyophilized. The final powder was 
stored at —15°. In a typical preparation 4 gm. of powder were obtained 
from 5 pounds of fat. The powder was dissolved in 0.025 Mm ammonia 
(10 mg. per ml.) immediately before use. Occasionally some insoluble 
material remained; this was removed by centrifugation. 

Substrate—The substrate was either a commercial coconut oil emulsion 
(Ediol, Schenley Laboratories, Inc.) or an “activated” coconut oil emulsion 
prepared from it by incubation with normal, human plasma for 30 min- 
utes at 38°. The activated coconut oil was then recovered and washed 
several times by centrifugation through 0.15 m NaCl. The coconut oil 
emulsion was similarly washed. Both emulsions were diluted to 4 per 
cent with water. 

The activation of triglyceride emulsions by plasma is due to its lipopro- 
tein content. In preliminary experiments,'! it has been demonstrated 
that, during the incubation of coconut oil with either a- or 8-lipoproteins, 
small but significant quantities of protein, phospholipide, and cholesterol 
are firmly adsorbed on the oil in such a manner as to prevent their removal 
by repeated centrifugation through 0.15 m NaCl. The activated coconut 


1 Unpublished results of E. D. Korn, M. Rodbell, and R. Havel. 
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oil may then be considered a “lipoprotein,” at least for present purposes. 
As demonstrated previously (2), activated coconut oil is indistinguishable 
from chylomicrons (or low density 6-lipoproteins) with respect to the ac- 
tion of lipoprotein lipase. 

Assay—The vessels were incubated at 38°, and aliquots of 0.05 ml. were 
removed at intervals of 30 minutes. Glycerol and a-monoglycerides were 
determined by oxidation with periodate to formaldehyde, which was then 
determined colorimetrically with chromotropic acid. The results are 
expressed as the increase in optical density at 570 my after 1 hour’s incuba- 
tion. An optical density of 0.07 corresponds to 0.01 umole of glycerol. 


Results 


Substrate Specificity—-The substrate specificity of lipoprotein lipase of 
chicken adipose tissue is clearly demonstrated in Fig. 1. At low concen- 
trations of triglyceride the rate of hydrolysis of the activated coconut oil 
is more than 4 times that of the coconut oil emulsion. With increasing 
concentrations of substrate the rates of hydrolysis become more compara- 
ble, but the maximal rate obtained with coconut oil is never more than 
one-half the rate obtained with activated coconut oil. The same enzyme 
appears to be responsible for the hydrolysis of both substrates, since all 
the properties described below are observed with both coconut oil and 
activated coconut oil as substrate. 

Optimal pH—The hydrolysis of activated coconut oil by lipoprotein 
lipase has a rather sharp optimum at pH 8.5 (Fig. 2). 

Requirement for Cations—Lipoprotein lipase of chicken adipose tissue 
is completely inactive in the absence of cations. As with the enzyme 
from other sources (3), this requirement can be satisfied by one of several 
divalent cations or NH,t (Fig. 3). Nat is completely inactive. 

The activation by NH,* cannot be due to contamination of the (NH,4)>- 
SO, by heavy metals, since divalent cations must be present at one-tenth 
the molarity of NH,* to obtain comparable activity (3). (NH4).SO, 
recrystallized from dilute ethylenediaminetetraacetate retains complete 
activity. 

Inhibition by Protamine and Heparin—As found with the enzyme from 
other sources, protamine is a potent inhibitor of lipoprotein lipase (Fig. 4). 
At the concentrations employed, no visible precipitation occurs. At 
somewhat higher concentrations of protamine, the enzyme is precipitated 
as a protamine salt from which it can be recovered (at least to the extent 
of 50 per cent) by extraction with a dilute solution of heparin. Lipopro- 
tein lipase is also inhibited and precipitated by an excess of divalent cations. 

Lipoprotein lipase from rat heart and adipose tissue is activated by low 
levels of heparin (~ 1 y per ml.) but is inhibited by much higher concentra- 
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Fig. 1. The substrate specificity of lipoprotein lipase. The incubation vessels 
contained 0.1 ml. of lipoprotein lipase, 0.4 ml. of 10 per cent albumin (pH 8.5), 0.05 
ml. of 1 mM (NH,4)2SQO,, and the indicated concentration of substrate in a total volume 
of 1 ml. Lower curve, coconut oil emulsion; upper curve, activated coconut oil emul- 
sion. 

Fic. 2. Optimal pH for lipoprotein lipase activity. The incubation vessels con- 
tained 0.1 ml. of lipoprotein lipase, 0.05 ml. of 1 m (NH4)2SO,, 0.05 ml. of 4 per cent 
activated coconut oil, and 0.4 ml. of 10 per cent albumin adjusted to the desired pH 
in a total volume of 1 ml. 
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Fic. 3. The requirement of lipoprotein lipase for cations. The incubation vessels 
contained 0.2 ml. of lipoprotein lipase, 0.4 ml. of 10 per cent albumin, pH 8.5, 0.05 ml. 
of 4 per cent activated coconut oil, and the indicated concentration of (NH,4)2SO, 
in a total volume of 1 ml. 

Fig. 4. The inhibition of lipoprotein lipase by protamine sulfate. The incubation 
vessels coniained 0.1 ml. of lipoprotein iipase, 0.4 ml. of 10 per cent albumin, pH 8.5, 
0.05 ml. of 1 mM (NH,)2SQ,, 0.05 ml. of 4 per cent activated coconut oil, and protamine 
sulfate as indicated in a total volume of 1 ml. 
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tions (~ 100 per ml.). Activation by heparin of the enzyme from chicken 
adipose tissue has never been observed. Heparin, though a potent. in- 
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Fia. 5 Fig. 6 

Fic. 5. The inhibition of lipoprotein lipase by heparin. The incubation vessels 
contained 0.2 ml. of lipoprotein lipase, 0.4 ml. of 10 per cent albumin, pH 8.5, 0.05 ml. 
of 1 Mm (NH4)2SO,, 0.05 ml. of 4 per cent activated coconut oil, and sodium heparin 
(126 units per mg.) as indicated in a total volume of 1 ml. 

Fic. 6. The inhibition of lipoprotein lipase by NaCl and Ko2HPO,. The ineu- 
bation vessels contained 0.1 ml. of lipoprotein lipase, 0.4 ml. of 10 per cent albu- 
min, pH 8.5, 0.05 ml. of 1 uw (NH,4)2SO,, 0.05 ml. of 4 per cent activated coconut oil, 
and NaCl or KsHPO, at the indicated molarities in a total volume of 1 ml. 


TABLE I 
Inhibition of Lipoprotein Lipase by EDTA and Pyrophosphate 


Addition Enzymatic activity 
ADs570 


The incubation vessels contained 0.2 ml. of lipoprotein lipase, 0.4 ml. of 10 per 


cent albumin, pH 8.5, 0.05 ml. of 1 Mm (NH,4)2SO,, 0.05 ml. of 4 per cent activated 
coconut oil, and other additions in a total volume of 1 ml. 


hibitor (Fig. 5), does not inhibit more than 60 to 70 per cent of maximal 
activity. 

Other Inhibitors—Sodium chloride completely inhibits hydrolysis at a 
concentration of 0.3 M, as does 0.1 M potassium phosphate (Fig. 6). Lipo- 
protein lipase is 50 per cent inhibited by 0.01 m NaCN. Ethylenedi- 
aminetetraacetate (HDTA) and pyrophosphate are much more potent 
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inhibitors (Table I). The inhibition by EDTA and pyrophosphate is not 
due to chelation of free cations since it occurs in the presence of NH,* as 
the activating cation and is reversed by dialysis. 


TABLE II 
Formation of Enzyme-Substrate Complez 


Enzymatic activity 
Substrate 
Aqueous phase Oil phase 
AD s70 | ADsz0 
Activated coconut oil... | 0.030 0.166 


1 ml. of lipoprotein lipase, 1.5 ml. of 20 per cent triglyceride emulsion, and 0.05 
ml. of 1 m MgCl. were incubated at room temperature for 1 hour. The mixture was 
centrifuged, and the oil layer was recovered and reemulsified in water. Both the 
aqueous and oil phases were assayed. The incubation vessels contained, in a total 
volume of 1 ml., the equivalent of 0.1 ml. of the original solution of lipoprotein 
lipase, 0.4 ml. of 10 per cent albumin, pH 8.5, 0.05 ml. of 1 m (NH,4)2SQ,, and a quan- 
tity of activated coconut oil equal to that contained in the oil phases which were 
assayed. 


TABLE III 
Effect of Temperature and Ions on Formation of Enzyme-Substrate Complez 
NaCl | Temperature Enzyme complex 
0 0 0 
0.02 0 | 65 
0.02 24 | 100 


1 ml. of lipoprotein lipase and 1.5 ml. of 20 per cent activated coconut oil were 
incubated in the presence or absence of ions at the indicated temperatures for 1 
hour. The oil layer was removed by centrifugation and the aqueous layer assaved. 
An equivalent of 0.2 ml. of lipoprotein lipase, 0.4 ml. of 10 per cent albumin, pH 8.5, 
0.05 ml. of 1 m (NH,4)2SO,, and 0.05 ml. of 4 per cent activated coconut oil were incu- 
bated in a total volume of 1 ml. 


The enzyme is inhibited completely by | xX 107-4 M diisopropylfluoro- 
phosphate, 1 X 10-* m E 600 (diethyl-p-nitrophenyl phosphate), and 2 X 
10-4 m Phemerol chloride. It is not inhibited by | XK 107% mM eserine.’ 

Formation of Enzyme-Substrate Complex —Anfinsen and Quigley (4) have 
reported the adsorption of lipoprotein lipase of postheparin plasma on to 
oil emulsions. This phenomenon has been studied in further detail.  Lipo- 


2M. Rodbell, personal communication. 
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protein lipase has a much greater affinity for activated coconut oil than 
for coconut oil (Table II). Also, the formation of the enzyme-substrate 
complex requires the presence of ions and is more complete at room tem- 
perature than at 0° (Table III). This requirement for ions for the forma- 
tion of the complex differs from that for hydrolysis of the substrate in that 
it is completely non-specific (NaCl, for example, is completely adequate). 


DISCUSSION 


Chicken adipose tissue contains a relatively large amount of lipoprotein 
lipase (and apparently no other lipase). The reaction catalyzed by this 
enzyme may be considered to occur in two distinct stages. The first step 
is the formation of an enzyme-substrate complex which, because of the 
diphasic nature of the system, can be readily isolated and assayed inde- 
pendently of the over-all reaction. This reaction has a non-specific re- 
quirement for ions. The second step, the actual hydrolysis, requires only 
an adjustment of the pH and the addition of any one of several specific 
cations to the isolated enzyme-substrate complex. The substrate speci- 
ficity of lipoprotein lipase is undoubtedly explained by the greater affinity 
of the enzyme for activated coconut oil than for coconut oil. 

The inactivation and eventual precipitation of lipoprotein lipase by 
protamine and divalent cations indicate a requirement for anionic groups. 
Other independent evidence (5) strongly supports the view that the en- 
zyme contains a heparin, or very similar mucopolysaccharide, moiety. 
The formation of the enzyme-substrate complex might be pictured as an 
interaction between heparin (enzyme) and protein (substrate). The 
ability of lipoproteins to activate triglyceride emulsion would be due to 
the fact that they provide this protein moiety. It may be more than 
coincidental that the enzymatic hydrolysis of heparin by bacterial hepa- 
rinase, a reaction which must involve the interaction of heparin (substrate) 
and protein (enzyme), is also inhibited by NaCl (0.2 mM) and even lower 
concentrations of EDTA and pyrophosphate by mechanisms other than 
chelation of free cations. It is to be expected that the presence of an excess 
of ions would interfere with the ionic interaction of heparin and protein. 


SUMMARY 


Lipoprotein lipase has been isolated from chicken adipose tissue. The 
hydrolysis of lipoproteins by this enzyme has been shown to occur in two 
stages: the formation of an enzyme-substrate complex and the actual hy- 
drolysis. The first step exhibits a non-specific requirement for ions; the 
second step requires one of several specific cations. The relative speci- 
ficity of the enzyme for the triglyceride of lipoproteins appears to be re- 
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lated to its greater affinity for lipoproteins than for simple triglycerides. 
The action of various inhibitors of the enzyme has been discussed. 
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THE DEGRADATION OF HEPARIN BY BACTERIAL ENZYMES 


III. ACOMPARISON OF THE DEGRADATION OF HEPARIN, HYALURONIC 
ACID, AND CHONDROITIN SULFATE 


By EDWARD D. KORN 


(From the Laboratory of Cellular Physiology and Metabolism, National Heart Institute, 
National Institutes of Health, Bethesda, Maryland) 


(Received for publication, October 22, 1956) 


Extracts of acetone powders of Flavobactertum heparinum which have 
been adapted to heparin catalyze a rather extensive degradation of this 
mucopolysaccharide. This “heparinase” activity is due to the presence 
in the extract of a sulfamidase, a sulfesterase, and at least one glycosidase 
(1, 2). Such extracts also catalyze the hydrolysis of hyaluronic acid and 
chondroitin sulfate. This paper compares in some detail the requirements 
for degradation of these three carbohydrates by acetone powder extracts 
of adapted and unadapted F. heparinum. 


Materials and Methods 


Substrates—Heparin (126 units per mg.) was a gift of The Upjohn Com- 
pany, Kalamazoo. Hyaluronic acid and chondroitin sulfate were obtained 
from the Nutritional Biochemicals Corporation. 

Bacterial Extracts—Bacteria were grown on a trypticase-phytone me- 
dium with a small amount of heparin added and then adapted to heparin 
as described previously (1). Unadapted bacteria were prepared in an 
identical manner, except that no heparin was present in the original growth 
medium and the adaptation step was omitted. Acetone powders were 
prepared in the usual manner. The acetone powders were extracted for 
1 hour at 0° with phosphate buffer, 0.025 m, pH 8.0 (10 mg. per ml.). The 
extracts (pH 7.5) had a protein concentration of 1 mg. per ml. 

Determinations—Reducing groups were determined on a 0.2 ml. aliquot 
by the ferricyanide method of Folin and Malmros (3) and are reported as 
the increase in optical density at 520 my. N-Acetylamino sugar values 
were obtained on aliquots of 0.1 ml. by a modified procedure of Morgan 
and Elson (4). They are reported as the increase in optical density at 
550 my. Periodate consumption was determined by a spectrophoto- 
metric method (5). Hexosamine was determined by the Elson-Morgan 
method (6). 

Results 


When heparin is incubated with extracts of acetone powders of adapted 
F. heparinum, an increase in reducing groups, amino sugars, and periodate 
841 
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consumption occurs (2). A similar experiment was performed with hya- 
luronic acid and chondroitin sulfate as substrates (Fig. 1). A parallel in- 
crease in reducing groups and N-acetylamino sugar was observed. No 
amino sugar was detectable. The increase in periodate consumption was 
also determined with chondroitin sulfate as substrate. 
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TIME OF INCUBATION IN MINUTES 
Fic. 1. The degradation of hyaluronic acid and chondroitin sulfate by extracts of 
adapted F’. heparinum. The incubation vessels contained 1 mg. of substrate per ml. 
of extract, incubated at 24° for 1 hour. 
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Fig. 2. Degradation of heparin and chondroitin sulfate and hyaluronic acid as a 
function of the temperature of incubation. The incubation vessels contained 1 
mg. of substrate per ml. of extract of adapted bacteria, incubated for 1 hour. 


The optimal temperature for the degradation of heparin is about 24° 
(Fig. 2). Both chondroitin sulfate and hyaluronic acid are degraded at 
a maximal rate at 45°. Whereas at 24° all three substrates are hydrolyzed 
at approximately the same rate, at 45° the degradation of hyaluronic acid 
and chondroitin sulfate is twice as rapid as at 24°, while heparin is not 
hydrolyzed. 

The data in Table I summarize the results of several experiments on the 
requirements for the degradation of the three substrates. Heparin is 
degraded in glycylglycine buffer only after the addition of any one of sev- 
eral salts; it is not degraded in borate buffer even in the presence of these 
ions. Both hyaluronic acid and chondroitin sulfate are degraded in gly- 
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eylglycine and borate buffers without further additions. The hydrolysis 
of heparin is completely inhibited by 0.2 mM NaCl and 0.01 mM pyrophosphate 
buffer; the hydrolysis of hyaluronic acid and chondroitin sulfate is only 
50 per cent inhibited by 0.4 M NaCl and 0.01 m pyrophosphate buffer. Ex- 
tracts preheated at 40° for 5 minutes are inactive with respect to the degra- 
dation of heparin but retain complete activity with either hyaluronic acid 


TABLE I 
Comparison of Degradation of Heparin, Chondroitin Sulfate, and Hyaluronic Acid 
Conditions Substrate 
Experiment No. 
Buffer Other Heparin Hy 
AD3520 
I Glycylglycine 0 0.22 0.30 
- Phosphate, 0.01 m 0.16 0.24 0.28 
Borate 0 0.20 0.26 
. Phosphate, 0.01 m 0 0.21 0.25 
II Phosphate 0.22 0.26 0.24 
” NaCl, 0.4 m 0 0.12 0.10 
a Pyrophosphate, 0.01 mM 0 0.13 0.12 
0.04 0 0 0 
sia Preheated 40°, 5 min. 0 0.26 0.24 
III sa Unadapted 0 0.28 0.30 
Adapted 0.23 0.25 0.27 


In Experiment I, the phosphate buffer extract of acetone powder of adapted bac- 
teria was dialyzed overnight against water and the precipitated protein dissolved to a 
concentration of 1 mg. per ml. in either glycylglycine or borate buffer, 0.025 m, pH 7.5. 
The phosphate buffer was adjusted to pH 7.5. In Experiment II, the original phos- 
phate buffer extract of acetone powders of adapted cells was used directly. The 
pyrophosphate was adjusted to pH 7.5. In Experiment III, bacteria were grown in 
the absence of heparin and then adapted to heparin. Aliquots of the unadapted 
and adapted cells were converted into acetone powders, extracted with phosphate 
buffer, and assayed. In all experiments 1 mg. of substrate was incubated with 1 ml. 
of extract at 24° for 1 hour. 


or chondroitin sulfate as substrate. Extracts of both unadapted and 
adapted bacteria degrade hyaluronic acid and chondroitin sulfate equally 
well, but only extracts of adapted bacteria degrade heparin. 

Identical results were obtained in all the above experiments when the 
reaction was followed by the production of amino sugar (heparin), N-ace- 
tylamino sugar (hyaluronic acid and chondroitin sulfate), or periodate 
consumption (heparin and chondroitin sulfate). The addition of extracts 
of unadapted bacteria or heated (40°, 5 minutes) extracts of adapted bac- 
teria did not increase the rate of hydrolysis of heparin by active extracts 
of adapted bacteria. 
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DISCUSSION 


Heparin is a polymer of equimolar amounts of N-glucosamine sulfate 
and glucuronic acid with two esterified sulfate moieties per unit of disac- 
charide. The further fine structure of this compound is still essentially 
unknown. Hyaluronic acid consists entirely of the repeating unit, 3-,- 
p-glucuronopyranosyl-N-acetylglucosamine (7). Chondroitin sulfate is the 
analogous polymer of 3-8-p-glucuronopyranosil-N -acetylgalactosamine 
with one esterified sulfate group per disaccharide (8). Both hyaluronic 
acid and chondroitin sulfate probably contain a 1 ,4-hexosaminidic linkage. 

In contrast to the ready hydrolysis of the N-sulfate group of heparin 
by extracts of adapted bacteria, the N-acetyl moiety of hvaluronie acid 
and chondroitin sulfate is completely stable to both adapted and unadapted 
extracts. From the data on periodate consumption, it would seem most 
probable that the esterified sulfate group of chondroitin sulfate can be 
removed. It is not known whether the same or different glycosidases are 
responsible for the hydrolysis of the glycosidic bonds in the three muco- 
polysaccharides. 

If it is assumed that the glycosidases are identical, and that extracts of 
unadapted bacteria contain a sulfesterase identical with that which acts 
upon heparin, then it may be concluded that the only adaptive enzyme in 
the heparinase is the sulfamidase.  |urther, the sulfamidase must then be 
the enzyme which acts directly upon the heparin, and the one which is 
sensitive to the ionic strength and ionic composition of the medium and 
inactivated at relatively low temperatures. Finally, the glycosidase and 
sulfesterase must then be inhibited by the presence of the N-sulfate group 
of heparin but unaffected by the N-acetyl moiety of hyaluronic acid and 
chondroitin sulfate. The validity of these conclusions will be determined 
when the several enzymes are obtained in more pure forms. 


SUMMARY 


The degradation of heparin, hyaluronic acid, and chondroitin sulfate by 
extracts of adapted (to heparin) and unadapted Flavobacterium heparinum 
has been compared, and some hypotheses have been presented as to the 
sequence and properties of the enzymes concerned with the degradation 
of heparin. 
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THE NATURE OF THE LIPIDES IN RAT BLOOD* 


By SUPRAVAT MUKHERJEE,t K. THAMMU ACHAYA,} HARRY J. 
DEUEL, Jr.,§ anp ROSLYN B. ALFIN-SLATER 


(From the Department of Biochemistry and Nutrition, University of Southern 
California, School of Medicine, Los Angeles, California) 


(Received for publication, October 12, 1956) 


The effect of diet on the composition of blood lipides in various species 
of animals has been reported in several investigations, but relatively few 
reports on the identification of the fatty acids associated with these various 
lipide fractions are available. A few isolated attempts have been made to 
characterize the general nature of the fatty acids associated with the 
cholesterol or phospholipide fraction from a determination of the iodine 
number. By this method Bloor (1) found that the highly unsaturated 
fatty acids in human and cow plasma were associated with the cholesterol 
ester fraction. Channon and Collinson (2) demonstrated that the phos- 
pholipide fatty acids of species other than man have considerably lower 
iodine numbers than that of human plasma. Schaible (3) found that, in 
the plasma of lactating and non-lactating cows, the average iodine number 
was lowest for the fatty acids in the phospholipide fraction, intermediate 
for those of the neutral fat fraction, and highest for those of cholesterol 
esters, whereas in human plasma, although the iodine number is also 
highest for cholesterol esters, it is lowest for neutral fat (4). Kelsey and 
Longenecker (5) reported 62 per cent of dienoic acid in the cholesterol esters 
of the acetone-soluble fraction and 18 per cent dienoic acid in the glyceride 
fraction of cow plasma. Hammond and Lundberg (6), using the alkali- 
isomerization procedure to determine the relative amounts of polyun- 
saturated fatty acids present in various human plasmas, found that a low 
level of dienoic and tetraenoic acids was characteristic of atherosclerotic 
subjects. Widmer and Holman (7) found 3 per cent of tetraenoic- and 
hexaenoic-unsaturated acids in normal rat blood, but they made no men- 
tion of other fatty acids in rat lipide fractions. In a recent communication, 
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Evans et al. (8) reported that linoleic acid is the predominant polyun- 
saturated acid in plasma, whereas arachidonic acid preponderates in the 
cells. 

In this investigation data are presented on the amounts of the three major 
lipide fractions (cholesterol ester, phospholipide, and triglyceride) and 
their component fatty acids in the blood of rats fed a stock diet, a diet 
deficient in fat, and a fat-free diet supplemented with methy] linoleate. 


EXPERIMENTAL 


The control group fed the stock ration (containing approximately 6 per 
cent fat) consisted of ten rats of the University of Southern California 
strain, whereas the experimental groups fed the fat-deficient diet and the 
fat-deficient diet supplemented with linoleate were each composed of eight 
animals. The animals were maintained on the various diets for a period 
of 15 weeks. At the termination of the experimental period, blood was 
withdrawn from the anesthetized rats by cardiac puncture. The samples 
in each group were pooled and these were refluxed with 10 volumes of an 
ethanol-ether mixture (3:1) for 8 hours. The samples were filtered, the 
ethanol-ether was removed under reduced pressure at 60°, and the lipides 
were extracted from the dried sample with petroleum ether. The residues 
were further extracted with 250 ml. of ethyl ether in a Soxhlet apparatus for 
an additional 8 hours since it was found that a small amount of lipide ma- 
terial (not exceeding 2 per cent of the total) was always recovered after this 
extraction. The two extracts were then combined and dried over anhy- 
drous sodium sulfate; the solvent was removed under reduced pressure, 
and the total lipides were recovered. The lipide content of all the groups 
was remarkably constant, approximately 350 mg. per 100 ml. 

The blood lipides were first resolved into their constituents by a chro- 
matographic procedure based on that of Fillerup and Mead, (9); a silicic 
acid column was washed in situ with 3 column volumes each of methanol, 
acetone, ether, and pentane; the lipides were applied in pentane, and the 
different fractions eluted successively. 

Cholesterol esters were removed with 1 per cent ether in pentane, tri- 
glycerides plus free cholesterol with 25 per cent ether in pentane, and phos- 
pholipides with 50 per cent ether in methanol, which has been found to give 
a more complete recovery than the 75 per cent ether in methanol originally 
published for the elution of the phospholipide fraction.!. Each fraction was 
isolated and weighed. Saponification with 0.25 n sodium ethylate for the 
first two fractions, and 1 per cent alcoholic H2SO, followed by 10 per cent 
alcholic KOH for the phospholipides, yielded the soaps, and hence the mixed 
fatty acids from each portion. 


! Unpublished experiments. 
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The individual polyunsaturated fatty acids were determined by the 
alkali-isomerization procedure of Herb and Riemenschneider (10), their 
constants being used for linoleic, linolenic, arachidonic, and docosapentaenoic 
acids, and those of Hammond and Lundberg (11) for docosahexaenoic acid. 
The total iodine number was determined on a sample of mixed fatty acids 
by the Wijs procedure (12). The monoenoic acid, calculated as oleic acid, 
was obtained from the total iodine number after the contribution of the 
individual polyunsaturated acids towards the total unsaturation of the 
mixed fatty acids was accounted for. The total saturated acids were ob- 
tained by difference. The figures for saturated and monounsaturated acids 
are open to criticism since these values obtained by difference contain 
accumulated errors from the determination of polyunsaturated acids. 
However, the average differences between duplicate analyses of the fatty 
acids were as follows: dienoic acid 0.5, trienoic acid 0.15, tetraenoic acid 
0.25, pentaenoic acid 0.14, and hexaenoic acid 0.30 per cent. In view of 
these data, it is possible to state that the analysis of linoleic acid is accurate 
to within +1 per cent and of other polyunsaturated fatty acids to within 
+0.6 per cent. 


RESULTS AND DISCUSSION 


In normal rat blood, phospholipides constitute almost 50 per cent of the 
total blood lipides and cholesterol esters comprise one-third of the total fat, 
whereas the amount of neutral fat is less than one-fifth (including 5 to 7 
per cent freecholesterol) (Table I). All three categories contain preponder- 
ant amounts of saturated fatty acids, these being highest in the triglyceride 
fraction (76.5 per cent) and lowest in the cholesterol esters (56 per cent). 
The highest iodine number (103) in the cholesterol ester fraction is re- 
flected by the lower concentration of saturated acids present in this fraction. 

Dienoic acid appears to be the major polyunsaturated component in 
both the cholesterol ester and neutral fat fractions, occurring to the extent 
of 25.0 and 18.0 per cent, respectively. This acid is present in relatively 
high amounts (10.4 per cent) in the phospholipide fraction as well, but the 
percentage of tetraenoic acid is even greater (13.2 per cent). Only small 
quantities of tetraenoic acid are present in the neutral fat fraction, al- 
though the cholesterol ester fraction contains approximately 10 per cent. 
Both pentaenoic and hexaenoic acids are present in almost equal propor- 
tions in the triglyceride and phospholipide fractions and, in slightly higher 
amounts, in the cholesterol esters. Trienoic acid occurs in relatively low 
amounts in all three categories. No monoenoic acid was present in any 
of the three lipide fractions examined. 

In the blood lipides of rats maintained on a fat-free diet deficient in 
essential unsaturated fatty acids, there is a decrease in the iodine number of 
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the cholesterol ester fraction, an increase in the iodine number of the tri- 
glyceride fraction, and a slight increase in the iodine number of the phos- 
pholipides. The principal effect of a fat-deficient diet on the composition 
of the component fatty acids in blood lipides is a marked decrease in the 
polyunsaturated acids, notably dienoic and tetraenoic, in all three cate- 
gories, although the relative proportions of cholesterol esters, triglycerides, 
and phospholipides remain \.ractically the same. There is a total disap- 


TABLE I 
Composition of Lipides in Rat Blood 
Iodine Component fatty acids (per cent weight) 
Percent) no. of 
Category total mixed 
| acids | Sated | Oleic |Dienoic| | | Ramee | 
Stock ration 
Cholesterol esters | 32.9; 103 | 55.8} 0.0) 25.0) 1.5 9.8 | 3.4 | 4.5 
Triglycerides* 18.1 49 | 76.5 | 0.0/ 18.0 | 1.0 1.0; 1.4 | 2.1 
Phospholipides 49.0 64 71.7! 0.0; 10.4; 0.6 | 13.2); 1.6 | 2.5 
Fat-deficient diet 
Cholesterol esters | 34.0 92 30.1 | 53.0; 9.0} 1.3 3.6 1.0 | 2.0 
Triglycerides* 18.0 83 | 21.0 | 72.0) 1.6] 4.3 1.1! 0.0 | 0.0 
Phospholipides 48.0 66 | 47.3 | 41.2 3.5) 6.7 1.3; 0.0 | 0.0 
Fat-deficient diet 
supplemented 
with 200 mg. lin- 
oleate per rat per 
day 
Cholesterol esters | 34.0; 113 | 63.0; 0.0 | 23.3 1.3 5.0 | 3.3 | 4.1 
Triglycerides* 22.6 | 60 | 71.1; 0.0 | 23.1) 1.8 1.3; 0.9 | 1.8 
Phospholipides 43.4 58 | 79.2! 0.0] 8.9| 0.7 | 7.2] 1.2 | 2.8 


Kach figure represents an average of two separate determinations, except for the 
group on the fat-deficient diet supplemented with 200 mg. of linoleate per rat per 
day, where each figure represents an average of four separate determinations. 

* Includes approximately 5 to 7 per cent free cholesterol. 


pearance of pentaenoic and hexaenoic acids from the triglyceride and phos- 
pholipide fractions, but small amounts of these acids are still associated with 
the cholesterol ester fraction. In contradistinction to the fatty acids found 
in the blood lipides of the normal control animals in all three categories, 
there are significant amounts of monoenoic acid present, with the highest 
concentration in the triglyceride fraction. 

The effect of supplementation of the animals on the fat-deficient diet 
with 200 mg. of linoleate per rat per day maintains the normal blood lipide 
picture. The preponderance of saturated fatty acids, the absence of mono- 
unsaturated fatty acids, and the presence of relatively high amounts of 
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dienoic acid in all three fractions seen in the blood lipides of rats fed the 
stock diet are again observed. The polyenoic acid concentrations also 
compare favorably with those obtained on the stock ration. 

The fact that one component of a fat, namely the essential fatty acids, 
can maintain a normal blood lipide pattern points to the importance of 
essential fatty acids in the regulation of proper lipide metabolism. 


SUMMARY 


1. A separation of three principal lipide fractions, cholesterol esters, 
triglycerides, and phospholipides, has been effected in normal rat blood 
and the blood of rats fed a fat-free diet and also a fat-free diet supplemented 
with linoleate. The percentage of each component, the iodine value of the 
lipides, and the fatty acid composition of each of these lipide fractions have 
been determined. 

2. Normal rat blood ecutnine about 49 per cent of phospholipides, 33 
per cent of cholesterol esters, and 18 per cent of triglycerides. This ratio 
is not significantly changed on the experimental diets. 

3. In normal rat blood, the cholesterol ester fraction has the highest 
iodine value. However, the saturated fatty acids predominate in all 
fractions, 56 per cent by weight in cholesterol esters, 77 per cent in triglyc- 
erides, and 72 per cent in phospholipides. 

4. In rats on a fat-deficient diet, the iodine value of the cholesterol ester 
fraction of whole blood is decreased, owing to a decrease in polyunsaturated 
acids. The iodine values of the triglyceride and phospholipide fractions 
are increased because of an increase in monoenoic acid content at the ex- 
pense of the saturated acid components. 

5. The addition of 200 mg. of the methyl ester of the essential fatty acid, 
linoleic acid, per rat per day to the fat-deficient diet maintains a normal 
blood lipide picture. 
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RIPENING TOMATOES* 
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The study of the formation of branched chain compounds in nature has 
received great impetus from the work of Bloch and his collaborators on 
cholesterol (1). Determination of the distribution of acetate carbon in 
the cholesterol molecule led to the demonstration by Langdon and Bloch 
of the conversion of acetate to squalene by rat liver (2) and the formation 
of cholesterol from biologically formed squalene (3). Like the triterpene 
squalene, other compounds which contain the isoprene unit appear to be 
derived from acetate. Bonner and Arreguin have shown that the produc- 
tion of natural rubber by guayule seedlings is stimulated when acetate is 
added to the nutrient solution (4). Grob and his colleagues found that 
acetate carbon was converted to 6-carotene by the mold, Phycomyces blakes- 
leeanus (5). 

The formation of a typical carotenoid, lycopene, has been studied in this 
laboratory. This red pigment is made in the tomato in a fairly large 
quantity; it can be readily isolated, and the products of degradation with 
ozone are easily separated. In order to establish a basis for further investi- 
gations, the conversion of labeled acetate and of labeled 8-methy]l croton- 
ate to lycopene was measured after the injection of these tracers into 
green, ripening tomatoes previously removed from the vine. Radioactive 
lycopene was degraded with ozone in order to determine the distribution 
of tracer within the molecule. The results are reported in this paper. 


EXPERIMENTAL 


Administration of Substrates—The sodium salts of 2-C'*-acetate, 1-C'- 
acetate, and 4,4’-C''-6-methyl crotonate (Isotopes Specialties Company, 
Burbank, California), specific activity 0.5 mec. per mmole, dissolved in a 
small amount of water, were added to tomatoes in the following manner: 
with a cork borer, a plug was removed from the core of each tomato at the 
point where the tomato had been attached to the plant. The radioactive 
compounds were placed in the center of the tomato at a concentration of 1 
mg. of sodium salt per 100 gm. of fruit, and the tomato was sealed with 


* This investigation was supported by research grant No. H-1791 from the Na- 
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melted paraffin after a portion of the removed plug was replaced. Ordi- 
nary tomatoes were obtained from local markets and were at a stage of 
ripeness such that usually less than one-quarter of the surface was red. 
Ripening was allowed to proceed to completion in air at room temperature 
for from 5 to 12 days. For most experiments, 5 to 10 kilos, approximately 
thirty to 60 tomatoes were used. 

Isolation and Degradation Procedures—Lycopene was isolated according 
to Sandoval and Zechmeister (6) and was chromatographed on calcium 
hydroxide or ignited magnesium oxide-Super-Cel. The purity of the 
carotenoid was verified by determination of melting point and of specific 
activity upon successive crystallizations, and occasionally by examination 
of spectral characteristics. Fatty acids were obtained from an aliquot of 
the ground tomatoes by extraction of the saponifiable fraction with petro- 
leum ether. 

Lycopene in carbon tetrachloride was degraded with approximately 6 

per cent ozone at 0°. After the white ozonide had precipitated (1 to 3 
hours), water was added and ozonization was continued for 1 hour. In the 
method of Strain (7), glacial acetic acid is added to dissolve the precipi- 
tated ozonide. This addition was omitted in these experiments in order to 
allow isolation of labeled acetic acid from the central portion of the lyco- 
pene molecule. The ozonization mixture was stirred at room temperature 
for several days with periodic additions of 0.5 ml. of 30 per cent hydrogen 
peroxide to a total of about 3 ml. At the end of this time the white ma- 
terial had completely disappeared. 
F The clear reaction mixture, which contained the products of lycopene 
degradation, acetic, formic, and levulinic acids, and acetone, was steam- 
distilled in order to separate the volatile compounds from levulinic acid. 
A slight excess of 2,4-dinitrophenylhydrazine in sulfuric acid was added to 
the residue. After standing overnight in the cold, the hydrazone was 
filtered and treated with 3 per cent sodium bicarbonate. Thesolution was 
filtered, and the filtrate was acidified to obtain the yellow 2 ,4-dinitrophenyl- 
hydrazone of levulinic acid. This compound was dried and recrystallized 
from ethyl] acetate. 

The distillate containing acetic and formic acids and acetone was neu- 
tralized and distilled again to collect acetone. Acetone in the distillate 
was precipitated as the mercury-acetone complex (8), filtered, and dried. 
The powder was decomposed by distillation from 1.5 N hydrochloric acid, 
and an aliquot of the acetone in the distillate was converted to iodoform ; 
the remainder was treated with 2,4-dinitrophenylhydrazine in sulfuric 
acid. After several hours at room temperature the crystals were filtered 
and recrystallized from ethanol several times. 

The neutralized solution containing the salts of acetic and formic acids 
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was acidified, and nitrogen was passed through to remove dissolved carbon 
dioxide. Mercuric sulfate was added to the solution, which was then 
heated under reflux. The carbon dioxide formed by oxidation of formic 
acid was collected in barium hydroxide. After oxidation was complete, 
acetic acid was steam-distilled and collected. In a preliminary experiment, 
the identity of acetic acid was confirmed by a Duclaux distillation. Degra- 
dation of this compound was carried out by the Schmidt reaction (9). 

The yields obtained in a typical experiment were, from 300 mg. of lyco- 
pene, 60 per cent of the theoretical amount expected for acetone as the 
mercury-acetone complex, 76 per cent of acetic acid, 45 per cent of formic 
acid, and 54 per cent of levulinic acid as the crude 2 ,4-dinitrophenylhydra- 


wCHs w-CHs ACETIC ACID 
ACETONE 
CH 
YA | 
CH CH+ C = 
wCHo 
. | FORMIC ACID Je 


LEVULINIC ACID 
Fic. 1. Degradation of lycopene 


zone. The melting points of the recrystallized 2 ,4-dinitrophenylhydra- 
zones of acetone and levulinic acid agreed well with those reported. 

The compounds obtained on ozonization of lycopene corresponded to 
positions in the original lycopene molecule as shown in Fig. 1. For isotope 
assay, samples were converted to carbon dioxide and counted as barium 
carbonate. Corrections for self-absorption were carried out by standard 


methods. 
Results 


Incorporation into Lycopene and Fatty Acids—-The specific activities 
found in lycopene after the administration of each radioactive substrate 
to a group of tomatoes are shown in Table I. In additional experiments 
which are not shown here, the level of isotope incorporated into lycopene 
from each substrate was essentially similar, varying no more than about 
30 per cent. The results obtained show that the methyl carbon of acetate 
is incorporated into lycopene to a far greater extent than the carboxyl 
carbon of acetate or the methyl carbon atoms of @8-methyl crotonate. 
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The ratio of incorporation of the methyl] carbon of acetate to the carboxy] 
carbon in these experiments is 5.5:1. In experiments with doubly labeled 
acetate, Little and Bloch found that the utilization of the methyl and car- 
boxyl carbons of acetate for cholesterol biosynthesis in the rat was in a 
ratio of 1.27:1, a considerably different value (10). 

The incorporation of isotope into fatty acids has often been used as a 
measure of the extent of conversion of a radioactive substrate into acetate 
and as a base for the measurement of conversion of such a substrate to 
other compounds. The activities found in the saponifiable fraction (Table 
I) are, therefore, of interest. It may be noted that the two carbon atoms 
of acetate are utilized for fatty acid formation to an equal extent, as has 
been observed in experiments in which rats were used (11). Also, the 
methyl carbon of acetate is incorporated into lycopene to approximately 
the same extent as into the fatty acids. It is apparent from these data 


TABLE I 
Activities in Lycopene and Fatty Acids from Radioactive Substrates 
Substrate Lycopene Fatty acids 
C.p.m. per mg. C c.p.m. per mg. C 
crotonate................. 200 235 


that, while the utilization of acetate carbon for fatty acid biosynthesis in 
the tomato occurs by a mechanism similar or identical to that operating in 
other organisms, the conversion of acetate carbon to lycopene takes place 
by reactions different from those involved in the formation of cholesterol 
in animal tissues. Data obtained upon degradation of lycopene, which is 
discussed in the following sections, also support this conclusion. 

The low level of isotope in lycopene after the administration of methyl- 
labeled 6-methyl crotonate indicates that this substance is a poor pre- 
cursor of the carotenoid. It is possible that this result might be due to a 
slow activation of the substrate. However, the activity in lycopene is 
approximately the same as that found in the saponifiable fraction, which 
suggests that 6-methy] crotonate is used for lycopene formation only after 
breakdown to acetate. Further evidence which rules out the use of this 
compound as a direct precursor is contained in degradation data presented 
below. 

Methyl-Labeled Acetate—After suitable dilution with carrier of radio- 
active lycopene formed from methyl-labeled acetate and recrystallization, 
the diluted material was treated with ozone, and the products were iso- 
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lated as described above. Assay of radioactivity in these products does 
not give a complete picture of the distribution of activity in the original 
lycopene molecule, but it does give useful information. The assumption 
is made that the distribution of activity within one symmetrical half of 
lycopene is the same as that in the other symmetrical half of the molecule. 

No matter what the mechanism of formation of lycopene from the 
methyl] carbon of acetate might be, it would be important to know whether 
the radioactivity of one isoprene group is the same as the next. Identical 
activities would imply that the same small unit is used throughout the 
molecule; different activities would, instead, suggest the participation in 
lycopene biosynthesis of more than one small precursor. The data ob- 
tained (Table II) indicate that the specific activity in one 5-carbon group 


TABLE II 
Distribution of Activity in Lycopene from Methyl-Labeled Acetate 
Compound C.p.m. per mg. C 


* Caleulated. 


is the same as in the neighboring units. The specific activity of levulinic 
acid, which contains all 5 carbons of an isoprene unit (in part from one, and 
in part from the next) is the same as that of lycopene. In this experiment, 
levulinic acid is about 10 per cent higher in specific activity than lycopene; 
the data are not shown for a duplicate experiment in which levulinie acid 
was found to have an activity about 10 per cent lower than lycopene. 
Comparison of the specific activity of acetone and of formic acid to that 
in lycopene also lends support to the conclusion that each 5-carbon group- 
ing has equal isotope content. Acetone is derived from carbon atoms at 
positions w, w’, and x of the terminal isoprene groups (Fig. 1, notation of 
Klyne (12)). Formic acid is derived primarily from carbon atoms at the 
central portion of the molecule at positions y and z. The contribution of 
carbon at position w to formic acid is only one-fourth of the total and may 
be ignored. The average specific activity of acetone plus formic acid may, 
therefore, be taken to represent carbon atoms w, w’, and x (acetone), and 
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y and z (formic acid). This value is (360)(3)/5 + (95)(2)/5 or 254, which 
is identical with the specific activity found for lycopene. 

Since the evidence supports the conclusion that 1 isoprene unit is the 
same in specific activity as each of the others, it is possible to calculate from 
the data in Table II the isotope concentration of the individual carbon 
atoms w, w’, and x, and thus to obtain separately the specific activities at 
carbon atoms w and w’. The methyl carbon, position w’, of the acetic 
acid derived from the degradation of lycopene will be expected to have the 
same specific activity as one of the two methyl carbon atoms of acetone. 
These methyl carbons of acetone, which are assayed as iodoform, were 
found to have a specific activity of 280. One of the two contributing car- 
bon atoms has a value of 400 and the other carbon atom, at position w, 
will therefore have a specific activity of 160 ¢c.p.m. per mg. of C. The 
distribution of label within the isoprene unit in lycopene derived from 
2-C'4-acetate is shown in Fig. 2. 


W’ 
C 400 


160 500 95 


Fic. 2. Distribution of radioactivity within isoprene unit from 2-C!4-acetate 


It is of interest to compare this distribution with the pattern of labeling 
obtained in squalene (13) and in cholesterol (10, 14, 15). Fig. 2 shows 
that most of the activity in lycopene was found to be at carbons w’ and z. 
In contrast, squalene and cholesterol degradation studies have invariably 
shown that the methyl carbon of acetic acid is a source of carbon atoms 
w, w’, and y of the basic isoprene unit, a pattern dissimilar to the distribu- 
tion found in these experiments on lycopene. 

Carboxyl-Labeled Acetate and Methyl-Labeled B-Methyl Crotonate—The 
distribution of activity in the compounds obtained by degradation of lyco- 
pene after administration of these two radioactive substrates is shown in 
Table III. Both substrates were poor precursors of lycopene, and because 
of this a few samples assayed contained low levels of radioactivity. Since 
the data are therefore less reliable than in the case of methyl-labeled ace- 
tate, no attempt has been made to calculate the distribution of tracer 
within each isoprene unit. Nevertheless, the results do allow certain con- 
clusions to be drawn. When carboxyl-labeled acetate was the substrate, 
tracer was present in both carbon atoms of the acetic acid obtained by 
degradation, and was also found in iodoform, the methyl] carbon atoms of 
acetone. It is clear that some activity from this substrate appears at 
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carbon atoms in positions w and w’ of the isoprene unit. In contrast, 
studies on cholesterol degradation (10, 14, 15) have never shown activity 
from carboxyl-labeled acetate in any positions except x and z. The car- 
boxyl carbon of acetate, like the methyl carbon, enters lycopene by reac- 
tions different from those which occur in the formation of cholesterol. 
Administration of methyl-labeled 6-methyl crotonate yielded lycopene 
which, upon degradation, was found to contain significant amounts of 
radioactivity at the carbonyl position of acetone and the carboxyl carbon 
atom of acetic acid. <A direct utilization of this substrate for carotenoid 
formation would be expected to produce lycopene with tracer only in the 
“methyl” positions (w and w’). Instead, radioactivity was found to be 
distributed at other positions in the molecule. This result, therefore, 


TABLE III 


Distribution of Activity in Lycopene from Carboxyl-Labeled Acetate 
and Methyl-Labeled B-Methyl Crotonate 


Compound 1-C'-Acetate 

c.p.m. per mg. C c.p.m. per mg. C 
55 80 


indicates that B-methyl crotonate is not an intermediate in lycopene bio- 
synthesis, but is utilized as a source of lycopene carbon after breakdown 
to other compounds. 


DISCUSSION 


The results reported here have shown that the two carbon atoms of ace- 
tate are utilized to a markedly different extent in the formation of lycopene 
in ripening tomatoes. The methyl carbon is more effective than the 
carboxyl carbon atom by a factor of 5.5. At the same time, acetate is 
incorporated into the fatty acids of the tomato as in other tissues, in a 
ratio for the methyl and carboxyl carbon of 1:1. Furthermore, the dis- 
tribution of label within the lycopene molecule after the administration of 
acetate was found to be entirely different from the pattern observed in 
previous studies on cholesterol and squalene. The conclusion must be 
drawn from these observations that the reactions which lead from acetate 
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to lycopene in ripening tomatoes are not the same as those which occur in 
the biosynthesis of cholesterol from acetate in animal tissues. 

It is perhaps not surprising that the manner of formation from acetate 
of a steroid in animal tissues and a carotenoid in a plant is different. It 
is more difficult, however, to see why the general patterns of biosynthesis 
of the two carotenoids, lycopene and £8-carotene, are not similar. Grob 
and Biitler (16, 17) have reported that partial degradation of labeled 
6-carotene formed from labeled acetate by P. blakesleeanus gave a distribu- 
tion of isotope similar to that found for squalene and cholesterol. These 
experiments, it may be pointed out, were carried out by growing the mold 
with acetate as the sole carbon source in the medium. 

The role of B-methyl crotonate in a scheme of isoprenoid biosynthesis is 
at present unknown. ‘The first suggestion that this compound may be an 
intermediate came from the work of Bonner and Arreguin (4), who ob- 
served a stimulation of the formation of natural rubber when this substance 
was added to a nutrient solution containing guayule seedlings. Later, 
Rudney (18) and also Rabinowitz (19) were able to produce $-methy] 
crotonate from acetate by using rat liver. A direct trial of the utilization 
of 3-C'4-8-methyl crotonate for cholesterol formation suggested that this 
compound might be an intermediate (20). However, when 1-C'-8-methyl 
crotonate was tested, the data indicated that this compound was first 
degraded to acetate before incorporation into cholesterol (21). 

Conflicting results have also been obtained in studies on $-carotene 
formation. Goodwin et al. found that addition of 8-methyl crotonate to 
a P. blakesleeanus medium had no effect on the formation of 6-carotene (22). 
Reichel and Wallis, however, reported an opposite observation: a stimula- 
tion in the quantity of B-carotene was noted (23). Under the conditions 
of the experiments on lycopene formation carried out here, B-methy] cro- 
tonate is not a direct precursor of lycopene, and is a poor source of carbon 
atoms for this carotenoid. 

It may be that the mechanism of formation of lycopene in tomatoes and 
in other plants has no relation to the mechanism of formation of isoprenoid 
compounds in animal tissues. Another possibility, probably just as likely, 
is that a single polymeric unit, perhaps containing five or six carbon atoms, 
serves as the source for all isoprenoids but is formed by different reactions 
in different organisms. 


The author is indebted to Mrs. Aniko Meenan for expert technical assist- 
ance. 
SUMMARY 


Methyl-labeled acetate, carboxyl-labeled acetate, and methyl-labeled 
B-methyl crotonate have been injected into green, ripening tomatoes pre- 
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viously removed from the vine. Lycopene and fatty acids were isolated 
and assayed for tracer, and lycopene was treated with ozone to determine 
the distribution of activity within the molecule. The results indicate that 
the conversion of acetate to lycopene proceeds by a mechanism completely 
different from that which occurs in the formation of squalene and choles- 
terol in animal tissues. $8-Methyl crotonate is not an intermediate in lyco- 
pene formation. 
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ON THE BIOSYNTHETIC RELATIONSHIP BETWEEN 
LYCOPENE AND COLORLESS POLYENES 
IN TOMATOES* 
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(From the Department of Physiological Chemistry, School of Medicine, University 
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The suggestion of Zechmeister (1) that phytofluene might be a precursor 
of lycopene has been expanded by Porter and Lincoln (2), who proposed 
on the basis of experiments with tomatoes that a successive dehydrogena- 
tion of more saturated polyenes! leads to the biosynthesis of lyeopene and 
other carotenoids. This sequence would involve the intermediary forma- 
tion of tetrahydrophytoene, phytoene, phytofluene, ¢-carotene, neuro- 
sporene, and lycopene. Although this hypothesis has received wide atten- 
tion, objections based on genetic and other evidence have been raised to 
the validity of this concept (3). 

Goodwin has determined the concentration of some of these postulated 
intermediates at intervals during the ripening of tomatoes at various tem- 
peratures and has concluded that the Porter-Lincoln hypothesis could not 
account for the results obtained (4). An alternative scheme which was 
therefore proposed by Goodwin and Jamikorn (4) and Goodwin (5) and by 
MacKinney (6) and Jenkins and MacKinney (7) suggests instead that 
the different polyenes might originate from one single large precursor by 
parallel pathways. <A third possibility concerning the biosynthetic rela- 
tionship between the various polyenes is one in which lycopene is the 
source of the more saturated polyenes and is converted to these com- 
pounds by successive reduction (4). 

Although changes in concentration of substances during the course of 
metabolic transformations often vield useful information concerning path- 
ways, the interpretation of such data may occasionally be subject to error 
because an intermediate may be present in small quantity, may not change 
in concentration, and yet may have a high rate of turnover. This objec- 
tion can often be overcome by the use of isotopes. In the study reported 
in this paper, 2-C'4-acetate has been added to ripening tomatoes previously 


* This investigation was supported by research grant No. H-1791 from the Na- 
tional Heart Institute, National Institutes of Health, Public Health Service. 

1 In this paper the term polyene refers to all forty carbon compounds discussed, 
and the term carotenoid is used when reference is made to the colored members of 
the series. 
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removed from the vine, and polyenes have been isolated at different periods 
of time after administration of the isotope. Comparison of the specific 
activity of lycopene to that of some of the colorless polyenes indicates that 
neither the Porter-Lincoln hypothesis nor the reverse of this scheme is 
operative in tomatoes. 


EXPERIMENTAL 


Administration of Substrate—The administration of 2-C'-acetate was 
carried out as previously described (8). 1 mg. of sodium acetate, specific 
activity 0.5 me. per mmole, was added for each 100 gm. of green ripening 
tomato. The tomatoes were then allowed to ripen at room temperature 
(24° + 2°) for the indicated periods of time. 

Isolation Procedures—Three experiments were carried out. In the first, 
a group of tomatoes weighing 9 kilos was injected with methyl-labeled 
acetate and allowed to ripen completely for 12 days. At the end of this 
time, lycopene was isolated and the purity determined as previously de- 
scribed (8). The colorless polyene fraction was obtained from the benzene- 
methanol mother liquor and was purified by the procedures of Wallace and 
Porter (9). The colorless, highly fluorescent oil phytofluene, which was 
obtained from the ignited magnesium oxide-Super-Cel column, was ana- 
lyzed spectroscopically and, with use of the data of Wallace and Porter 
(9), was found to be at least 94 per cent phytofluene. The specific activity 
of this compound remained essentially unchanged after an additional chro- 
matographic treatment on another ignited magnesium oxide-Super-Cel 
column. 

The band which is eluted just before phytofluene consists of the dif- 
ficultly separable mixture of phytoene or a phytoene-like material (5) and 
tetrahydrophytoene (2). The quantities of these materials available were 
insufficient to allow separation. Since spectroscopic analysis of this frac- 
tion did not reveal the presence of any other compounds, the specific activ- 
ity of the mixture was compared to that of phytofluene and lycopene in 
this experiment. 

The second experiment was carried out with 6 kilos of tomatoes. After 
injection of tracer, the tomatoes were divided into five equal groups, and 
ripening was allowed to proceed for 1, 3, 6, 9, and 12 days. Lycopene was 
isolated in each case as before. In order to avoid the use of prohibitively 
large quantities of materials, phytofluene was not separated from the 
phytoene-tetrahydrophytoene mixture but was isolated in a single fraction 
containing the three materials. The complete mixture was subjected to 
repeated chromatographic purifications, and its specific activity was com- 
pared to that of lycopene. 

The third experiment was the same as the second, except that groups 
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of tomatoes were allowed to ripen over a shorter time interval, at 6, 12, 24, 
and 48 hours after administration of methyl-labeled acetate. 

All the samples were converted to carbon dioxide and assayed as barium 
carbonate. Corrections for self-absorption were carried out by standard 
methods. Specific activity is defined here as counts per minute per mg. of 
carbon. 


RESULTS AND DISCUSSION 


The results of Experiment I, in which ripening was allowed to proceed 
to completion after administration of 2-C'4-acetate, are shown in Table I. 
It can be seen that the specific activity in lyeopene was more than three 
times higher than that of phytofluene, and more than five times higher 
than that of the phytoene-tetrahydrophytoene mixture. 

The variations in specific activity during the course of the ripening pe- 
riod were investigated in Experiment II. At each of the time intervals 


TABLE I 
Specific Activity in Polyenes 


Compound C.p.m. per mg. C 
Phytoene-tetrahydrophytoene. | 450 


examined (Fig. 1), the specific activity of lycopene was found to be approxi- 
mately three times higher than that of the mixture of colorless polyenes. 

It can be noted that the specific activity in all polyenes reached its 
highest level during the early part of the ripening period. In order to de- 
termine the variations in specific activity immediately after administration 
of isotope, Experiment III was carried out over a much shorter time inter- 
val. This experiment differed from the others also in that the tomatoes 
used were at a stage of ripening approximately equivalent to the 6 day 
period of Experiment II. Since the concentrations of the colorless poly- 
enes and of lycopene are very low during the first half of the ripening period 
and rise rapidly during the last half of this period (4), tomatoes at a later 
stage of ripening were used in order to insure a sufficient recovery of ma- 
terial for isolation and isotope assay. 

The results obtained (Fig. 2) show that the colorless polyenes were 
slightly higher in specifie activity than lycopene at the 6 and 12 hour inter- 
vals. At the 24 and 48 hour intervals, however, the specific activity of 
lycopene became higher than that of the colorless polyenes and exceeded 
the highest level of isotope found in the colorless polyenes. 
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The characteristics of specific activity-time relationships of precursors 
and their end products have been noted previously (10). It is necessary 
that a precursor must have a higher specific activity than its end product 
during a period when the level of tracer in both substances is rising. The 
data obtained in this study indicate clearly that the colorless polyenes 
cannot, therefore, be precursors of lycopene. The data also indicate that 
lycopene is not a source of carbon for the colorless polyenes. The specific 
activity of the colorless polyenes does not rise when the isotope concentra- 
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Fig. 1. Specific activity-time curve of Experiment II 


tion in lycopene begins to decrease (Fig. 1), as would be expected if lyco- 
pene were a precursor of the more saturated polyenes. 

The relationships between specific activities of precursors and end 
products stated above may not hold when metabolically ‘active’’ and 
‘inactive’ pools are present. In the experiments reported here, it is 
hardly likely that this situation exists because the concentration of all 
polyenes is low at the time of administration of tracer (4). Newly formed 
radioactive polyenes are diluted very little by pools of inactive polyenes 
and, therefore, the specific activity relationships of the compounds isolated 
eannot be affected. 

The conclusions drawn here have been based on the specific activities 
found in mixtures of colorless polyenes. It is, of course, possible that this 


mixture contains small amounts of substances with either higher or lower 
specific activities. 


Small quantities of more highly active materials as 


y 
t 
e 
t 


E. A. SHNEOUR AND I. ZABIN 865 


contaminants would mean that the isotope concentrations in the colorless 
polyenes were really lower than those observed. This would further 
strengthen the conclusion that these substances are not precursors of lyco- 
pene. Contaminants with less activity than the colorless polyenes would 
also make no difference in the interpretation of the results. A 10 per cent 
contamination with inactive carbon would raise the true specific activity 
of the colorless polyenes by 10 per cent, and, in Experiments I and II, 
lycopene was 300 per cent or more higher in specific activity than the more 
saturated polyenes. Furthermore, when phytofluene was isolated as a 
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Fig. 2. Specific activity-time curve of Experiment III 


single component in Experiment I, the relative specific activity of this com- 
pound compared to that of lycopene was of the same order of magnitude as 
that observed for the mixture of colorless polyenes compared to that of 
lycopene in Experiment IT. 

When the Porter-Lincoln hypothesis was first proposed, phytoene was 
thought to be a hexadecahydrolyeopene. Recent work indicates that the 
correct structure is probably 7, 8, 11, 12, 12’, 11’, 8’, 7’-octahydrolycopene, 
2 compound with nine instead of five double bonds (11). It has been re- 
ported that phytofluene (3, 9) and ¢-carotene (12) are also isomers of phyto- 
ene, each differing only in the position in the molecule of the nine double 
bonds. If these three compounds are simply positional isomers, the 
Porter-Lincoln hypothesis as first formulated is obviously incorrect, a con- 
clusion supported also by the results of this study. The data presented 
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here favor a mechanism of biosynthesis of the various polyenes, similar to 
that proposed by Goodwin and Jamikorn (4) and Goodwin (5) and Mac- 
Kinney (6), and Jenkins and MacKinney (7), that these compounds 
originate from one or, possibly, more than one large precursor by 
parallel pathways. 


SUMMARY 


Methyl-labeled acetate was administered to green, ripening tomatoes, 
and the colorless polyenes and lycopene were isolated from groups of 
tomatoes at various time intervals during the course of the ripening period. 
The specific activity-time curves obtained indicate that lycopene is neither 
a product nor a precursor of the more saturated polyenes. 
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(From the Department of Biochemistry, School of Medicine, 
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(Received for publication, October 8, 1956) 


It has been demonstrated that cholinesterases (1), chymotrypsin (2), 
trypsin (3), esterases (4), lipases (5), and thrombin (6, 7) are inhibited as 
a result of reaction with diisopropyl fluorophosphate (DFP). It has been 
shown that the P—F bond of DFP is hydrolyzed during the inhibition of 
cholinesterases and chymotrypsin (1, 8). On the other hand, dialkyl- 
fluorophosphatases (DFPases) (9, 10), which are widely distributed in 
tissues and microorganisms (11, 12), hydrolyze DFP without being in- 
hibited. It has been suggested that the active centers of several enzymes 
which hydrolyze or are inhibited by DFP contain the imidazole group of 
histidine (13-15). However, a systematic study relating the effect of 
DFP to the active centers of a number of enzymes with different specifici- 
ties has not been reported. The present investigation was undertaken to 
determine the effect of pH and to evaluate the dissociation constants of 
enzymes which hydrolyze or are inhibited by DFP. 


Materials and Methods 


The enzymes used in these studies were bovine erythrocyte cholines- 
terase (Nutritional Biochemicals Corporation), human plasma cholines- 
terase (Cutter Laboratories), crystalline trypsin and chymotrypsin (Worth- 
ington Biochemical Corporation), purified hog kidney DFPase (Fraction 
A-2 (10)), purified wheat germ lipase (Worthington Biochemical Corpo- 
ration), thrombin (Parke, Davis and Company), and A-esterase pres- 
ent in rabbit serum (defined as the enzyme which hydrolyzes DFP and 
p-nitrophenyl acetate (4, 16)). 

DFPase was determined manometrically (9, 10), and cholinesterase (17), 
A-esterase, and lipase (4, 18) were determined manometrically or by the 
colorimetric procedure of Hestrin (19). The substrates employed with 


* This investigation was supported by research grant No. G-4246 from the Division 
of Research Grants, Public Health Service. 

t Present address, Department of Biophysics, Medical College of Virginia, Rich- 
mond, Virginia. 
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these enzymes were 0.03 m acetyl-8-methylcholine chloride for erythrocyte 
cholinesterase, acetylcholine chloride for plasma cholinesterase, p-nitro- 
phenyl acetate for A-esterase, and triacetin and n-butyl acetate for lipase. 
Chymotrypsin and trypsin activities were estimated by Anson’s method 
(20). 0.03 Mm Ca** was present in all solutions of trypsin to stabilize the 
enzyme at higher values of pH (21, 22). Thrombin was estimated by the 
method of Sherry and Troll (23) with p-toluenesulfonylarginine methyl] 
ester (TAME) and by Laki’s procedure with fibrinogen (24). All deter- 
minations were corrected for non-enzymatic hydrolysis. 

The effect of pH on enzyme activity was determined with the following 
buffers (0.05 M) over a range from pH 5.3 to 9.0: acetate (pH 5.0 to 6.3), 
phosphate (pH 6.0 to 7.8), tris(hydroxymethyl)aminomethane (Tris) (pH 
7.4 to 9.0), and borate (pH 7.8 to 9.0). Determinations were made within 
overlapping pH ranges of the various buffers to insure that the assays were 
comparable. 

The effect of pH on both the activity and inhibition of these enzymes 
was determined. <A preliminary experiment was performed with each en- 
zyme to determine the amount of dialkyl fluorophosphate which would 
produce 75 to 90 per cent inhibition at pH 8.0. Subsequently, this stand- 
ard amount of inhibitor was added to solutions containing a constant 
amount of enzyme and adjusted to various pH values. The DFP-enzyme 
mixture, which was incubated at 37° for 20 minutes, had a final buffer 
concentration of 0.02 m. After incubation, each mixture was diluted at 
least five times with either 0.025 m NaHCO; for manometric analysis at 
pH 7.4 or with 0.1 mM phosphate buffer for colorimetric determinations at 
pH 7.4. 


Results 


In Fig. 1, data are shown for the pH dependence of four of the eight 
enzymes studied with respect to either their activity or inhibition by di- 
alkyl fluorophosphates. The activity curves have been drawn on an arbi- 
trary scale on which the maximum is designated as 100 per cent; the degree 
of inhibition by DFP, determined from corresponding activity curves, is 
expressed as the percentage of the control values for the respective en- 
zymes. The optimal pH (7.8 to 8.1) and the pK (6.6 to 7.1) for eight 
enzymes in the absence and presence of DFP are listed in Table I. These 
results suggest that the same specific group in these enzymes is involved 
in the formation of both the enzyme-substrate and enzyme-inhibitor com- 
plexes. The values of the pK indicate that the imidazole group is an 
essential part of the active centers of these enzymes. 

It is known that aromatic diazo compounds (25), nitrogen mustards 
(26), and dinitrofluorobenzene (DNIFB) (27, 28) will react with the imi- 
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dazole group. It would be anticipated that these substances would be 
inhibitors of the enzymes studied, and this has been found to be the case 
(Table II). The reactions could be proved to be non-competitive by the 
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Fig. 1. Effect of pH on the activity and inhibition of esterases and proteases. 
DFP was the substrate or inhibitor, except for wheat germ lipase, in which diethyl] 
fluorophosphate was used. O, activity; @, inhibition. 


TABLE I 
Optimal pH and pK Values for Eight Enzymes in Absence and Presence of DFP 
| Activity Inhibition 
Optimal pH Optimal pK |Optimal pH Optimal pK 
Hog kidney DFPase....................... 8.1 6.7 
Rabbit serum A-esterase................... 7.8 6.6 
Serum $8.0 6.6 8.0 6.6 
Erythrocyte cholinesterase... . 6.6 8.0 6.6 
| 7.8 6.7 7.8 6.7 


Wheat germ lipase... 


| 


Lineweaver-Burk method of analysis (29). Typical experiments indi- 
cating the relationship of pH to the degree of inhibition are shown for 
three different enzymes and the three non-competitive inhibitors (Fig. 2). 
Maximal inhibition is attained at about pH 8.0. 
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TABLE II 


DFP-TREATED ESTERASES AND PROTEASES 


Inhibition of Esterases and Proteases 


plIso for non-competitive inhibitors* 


Ethylbis(- 
Dissobensene | Dinitrofuoro-| 
erythrocyte cholinesterase.................... 4.6 3.7 4.2 
Serum 3.0 3.3 
Kidney dialkylfluorophosphatase.............. 5.8 3.1 3.9 
Wheat germ lipase. 3.6 4.0 


* Calculated on basis of 20 minutes inhibition at pH 7.4, 37°, at constant enzyme 


concentration in constant volumes of solution. 


These solutions were subsequently 


liluted with buffer for assay, as described in the experimental method in the text. 
t Estimated by inhibition of hydrolysis of TAME. 
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Fig. 2. Effect of pH on the inhibition of three enzymes by three different inhib- 
itors (HCI, ethylbis(@-chloroethyl)amine hydrochloride; DABS, diazobenzenesul- 


fonic acid; DNFB, dinitrofluorobenzene). 
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DISCUSSION 


In the present paper, the data for the pK and the pH optima, together 
with studies of non-competitive inhibitors, tend to confirm the belief that 
the imidazole ring is involved in reactions between DFP and a number 
of enzymes. ‘This is in agreement with the work of Weil and associates 
(30, 31), who showed that the photooxidation of the imidazole groups of 
histidine in chymotrypsin affects both the reactivity with DFP and the 
enzyme activity to the same extent. It has also been found that photox- 
idation of imidazole groups eliminates the activity of hog kidney DFPase 
(32). Bergmann et al. (33) have determined the pK, values for three 
cholinesterases and a dog liver esterase by studying the pH dependence of 
ester hydrolysis, and have concluded that the imidazole ring is an essential 
component of the active centers for these enzymes. 

Considerable evidence suggests that the inhibitory effect of DFP is 
explained by its reaction with the imidazole group of histidine and a sub- 
sequent migration of dialkyl phosphate to the hydroxy] radical of serine 
(34, 35). In order to explain the enzymatic hydrolysis of DFP, it may be 
assumed that DFP reacts with the imidazole group, and, in the absence of 
a neighboring serine residue, this energy-rich complex would be rapidly 
hydrolyzed. If this hypothesis were true, a pure preparation of DF Pase, 
treated with DFP, should not yield the phosphorylated serine residue ob- 
tained with chymotrypsin or cholinesterase. 


SUMMARY 


Data have been presented for the pH dependence and dissociation con- 
stants (pkX) of hog kidney dialkylfluorophosphatase and rabbit serum 
A-esterase, both of which hydrolyze diisopropyl fluorophosphate (DFP); 
similar results are presented for red cell cholinesterase, serum cholinesterase, 
chymotrypsin, trypsin, wheat germ lipase, and thrombin, which are in- 
hibited by DFP. The optimal pH for maximal hydrolysis or inhibition 
is obtained at about pH 8.0, and the pK values are about 6.6. The results 
indicate that the imidazole group of histidine is present in the active centers 
of each of the enzymes studied. 
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THE PRESENCE OF ORGANOPHOSPHORUS 
COMPOUNDS* 
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(From the Department of Biochemistry, School of Medicine, 
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In a previous paper (1), it was shown that the active centers of eight 
enzymes with different specificities contained the same type of specific 
group in so far as their reactions with diisopropy! fluorophosphate (DFP) 
were concerned. This conclusion was based on the similarity in the pH 
optimum for hydrolysis and inhibition and the identical values obtained 
for their dissociation constants. It was therefore of interest to determine 
the effect of a variety of organophosphorus compounds with anticholines- 
terase properties on the activity of these same enzymes. 


Materials and Methods 


The action of a number of organophosphorus compounds has been tested 
with the same assay methods used on the eight enzymes previously studied 
(1). Unless otherwise stated, the degree of inhibition was determined by 
incubating the enzyme with the organophosphorus compound for 15 min- 
utes at 37° at pH 7.4 before adding the appropriate substrate. In order 
to avoid differences in the results which might be due to variations in dilu- 
tion, the respective volumes of enzyme, inhibitor, and substrate were 
maintained constant throughout the series of assays with each individual 
enzyme. All determinations were corrected for non-enzymatic hydrolysis. 

Diethyl and di-n-butyl fluorophosphates were prepared by an exchange 
reaction between freshly distilled dialkyl chlorophosphate and sodium 
fluoride (2). Diphenylphosphorylglycine ethyl ester was prepared by the 
methods of Sciarini and Fruton (3). The procedure was modified by 
using triethylamine instead of sodium bicarbonate to neutralize the hy- 
drogen chloride formed in the reaction. The product had a melting point 
of 76.5-78° (m.p. 77—78° (3)). Diethylphosphorylglycine ethyl ester was 
also prepared by the general method of Sciarini and Fruton. This product 


* This investigation was supported by research grant No. G-4246 from the Division 
of Research Grants, Public Health Service. 

Tt Present address, Department of Biophysics, Medical College of Virginia, Rich- 
mond, Virginia. 
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was distilled under reduced pressure in an atmosphere of nitrogen, since 
decomposition took place at pressures of 0.08 to 0.5 mm. in the normal 
atmosphere (4). The product distilled at 128-132°, 0.5 mm.; n° 1.4341. 
These values are similar to those previously reported (b.p. 123-128°, 90.3 
mm.); n; 1.4340 (5). The remaining compounds were obtained from | 
commercial sources. 


Results 


The data for the rates of hydrolysis of organophosphorus compounds 
by hog kidney dialkyl fluorophosphatase (DF Pase) and rabbit serum A-es- 
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Fic. 1. The determination of bimolecular rate constants for the inhibition of 
chymotrypsin and trypsin. The chymotrypsin pI;9 values for DFP, dichloroethy] 
dichlorovinyl] phosphate (DCIEVP), and tetra-n-propyl pyrophosphate (TEPP) are 
5.3, 5.2, and 4.3, respectively; the trypsin values for DFP and di-n-buty] fluorophos- 
phate (DBFP) are 4.0 and 6.0, respectively. 


terase and the inhibitory effects on the remaining six enzymes are shown 
in Table I. The inhibitory effects are expressed in most cases as pls. 
Whenever there was low inhibitory effect or the inhibitor was relatively 
insoluble, the values were expressed as pI3o. 

Hog Kidney DF Pase and Rabbit Serum A-Esterase—It can be seen that 
‘the fluorophosphates, pyrophosphates, and chlorovinyl phosphates are 
hydrolyzed by DFPase at varying rates. The ability of kidney DFPase 
to hydrolyze homologous fluorophosphates and pyrophosphates is already 
known (5), but the hydrolysis of dialkyl chlorovinyl phosphates and N-di- 
ethylphosphorylglycine ethyl ester has not been previously recorded. 

The rate of hydrolysis of the fluorophosphates, pyrophosphates, and 
dichloroviny] phosphates by A-esterase appears to be dependent upon the 
steric structures of these compounds. This enzyme is more versatile in 
its ability to hydrolyze organophosphorus compounds than is DFPase (6). 
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It was found that the quinolinium phosphates were not affected by A-es- 
terase, which is in contrast to results reported by Augustinsson (7). Or- 
ganophosphorus compounds which were not hydrolyzed were tested for 
possible inhibition of DFPase and A-esterase and were found to have negli- 
gible effects. 

Human Serum and Bovine Erythrocyte Cholinesterases—All of the organo- 
phosphorus compounds, with the exception of the carbamyl phosphates, 
inhibit these two enzymes. Since it is well known that serum and eryth- 
rocyte cholinesterases do not hydrolyze various choline esters at the same 
rates, it is not surprising that the inhibitory effects of organophosphorus 
compounds differ considerably. It was found that dichloroethyl and di- 
ethylhexylchlorovinyl phosphates are potent anticholinesterases which have 
not been previously described. 

Chymotrypsin and Trypsin—Previous studies on the inhibition of chymo- 
trypsin and trypsin activities by organophosphorus compounds have been 
confined almost entirely to studies with DFP and paraoxon (8, 9). The 
results in Table I show that chymotrypsin is inhibited most effectively 
by fluorophosphates, pyrophosphates, and chlorovinyl phosphates con- 
taining the larger alkyl groups. 

Trypsin is strikingly inhibited by dichloroethyl dichlorovinyl phos- 
phate and di-n-butyl fluorophosphate in contrast to the relatively low 
inhibition by other compounds studied. The di-n-butyl fluorophosphate 
appears to be one of the most potent inhibitors of trypsin thus far reported. 

The values for bimolecular rate constants (10) are compared to pls 
values in Fig. 1. The definite relationship between the two types of meas- 
urement justifies the use of the pIs0 for comparison of the inhibitory effects 
of a series of compounds. 

Thrombin—The inhibitory effects of the organophosphorus compounds 
(Table I) are similar for thrombin, trypsin, and chymotrypsin. It is 
interesting that the pIs59 values as determined by fibrinogen clotting or 
by the hydrolysis of p-toluenesulfonylarginine methyl ester (TAME) are 
appreciably different. This discrepancy is striking, since previous investi- 
gators (8, 9, 11-13) have found that the degree of inhibition of an enzyme 
by organophosphorus compounds is the same, irrespective of the substrate. 

Papain and Chymopapain—None of the organophosphorus compounds 
studied in these experiments was found to have appreciable inhibitory 
effects. In addition, purified leucine aminopeptidase and crystalline car- 
boxypeptidase were unaffected. 


DISCUSSION 


The results presented in Fig. 2 show that the size of the alkoxy groups 
attached to the phosphorus atom of fluorophosphate, pyrophosphate, or 
chlorovinyl phosphate is important in determining the inhibitory effects 
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of these compounds. The data for chymotrypsin, trypsin, and thrombin 
show that the degree of inhibition increases with the size of the alkyl 
groups; in the case of wheat germ lipase, maximal inhibition is attained 
with the smaller radicals (Fig. 2). It has been shown (1) that each of 
the enzymes studied in this investigation is inhibited most effectively at 
about pH 8.0 and that the same group (probably imidazole) reacts with 
the organophosphorus compounds. Massey et al. (14) have also suggested 
that the imidazole group was an essential feature of the active centers of 
esterases but that the structure of adjacent groups in the enzyme deter- 
mines the substrate specificity. This explanation would appear to afford 
a satisfactory interpretation of the results presented in this paper. Addi- 


f° CH @(CHJ2CH © CICHCH, 


Fig. 2. Inhibition of chymotrypsin, trypsin, and lipase by three types of organo- 
phosphorus compounds containing different sized substituent groups. Di(X)fluoro- 
phosphates, di(X)chlorovinyl phosphates, and tetra(X)pyrophosphates. 


tional pertinent evidence has been presented by Aldridge (15), who dem- 
onstrated that the degree of inhibition of true and pseudo cholinesterases 
was related to the chain length and chain branching of a number of organ- 
ophosphorus compounds. 

Fluorophosphates and chlorovinyl phosphates are the only compounds 
which are hydrolyzed by both hog kidney DFPase and rabbit serum ester- 
ase and inhibit the six other enzymes (Table I). The phosphoryl car- 
bamates, in which the reactive P—F or P—O— bond is not present, are 
without inhibitory effects. Only the cholinesterases were appreciably 
affected by the aniline and quinoline phosphates, which may be due to 
the presence of the quaternary nitrogen atom in the molecule. 


SUMMARY 


A number of different types of organophosphorus compounds were tested 
for their effects on the activities of dialkylfluorophosphatase (DF Pase), 
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serum A-esterase, true and pseudo cholinesterase, wheat germ lipase, tryp- 
sin, chymotrypsin, and thrombin. DFPase and serum A-esterase hy- 
drolyze many of these compounds, whereas the other enzymes are inhibited. 
Several new potent inhibitors have been described for chymotrypsin, tryp- 
sin, and lipase. In all cases, the rate of reaction appears to be related to 
the steric structure of the organophosphorus compound. 
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(Received for publication, November 23, 1956) 


In 1954 two groups of workers were able to demonstrate what was termed 
the “biological asymmetry” of glycerol. This term referred to the observa- 
tion that the two a-carbons of this chemically symmetrical substance were 
not equivalent in a metabolic system. Both groups obtained glycerol-1- 
C4 from biological sources, fed this substance to rats, isolated the liver 
glycogen after a suitable period, and degraded the glucose units obtained 
from the glycogen. 

Thus, Schambye, Wood, and Popjak (2) obtained glycerol from the milk 
fat of a goat which had received acetate-1-C'*. Swick and Nakao (3) ob- 
tained samples of glycerol-1-C™“ by fermentation of glucose-3,4-C¥%. The 
glucose units of the liver glycogen of rats which had received these prep- 
arations were shown to be labeled almost exclusively in C; and Cy. These 
findings contrast sharply with the results obtained by degrading glucose 
formed by intact rats or rat liver slices zn vitro from chemically synthesized 
glycerol-1-C™ (4, 5). In such experiments the label appeared almost 
equally in C,, C3, C4, and Cx, of glucose (6). The situation is summarized 
in Table I. 

The aims of the present experiments were to synthesize by chemical 
means the two possible forms of glycerol-1-C"™, to determine their metabolic 
patterns, and to relate them formally to known stereochemical series of 
biologically important compounds. 


EXPERIMENTAL 


Outline of Synthesis—vu-Serine-3-C™ was resolved and p- and L-serine- 
3-C were each deaminate 1 with nitrous acid. The resulting glyceric acids 
were totally esterified to p- and L-ethyldiacetyl glycerate. Each of these 
esters was then reduced with lithium aluminum hydride to glycerol. 

Synthesis and Resolution of was pre- 

* This work was supported by a contract with the Atomic Energy Commission and 
by the Eugene Higgins Trust through Harvard University. A preliminary report 
has previously been presented (1). 


tT Studies carried out during the tenure of a Lederle Medical Faculty Award. 
t Public Health Service Research Fellow of the National Institutes of Health. 
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pared from methanol-C" as previously described (9), and the N-chloroacety] 
derivative was resolved with Armour acylase (10). Methanol-C"™ was pre- 
pared by reduction of BaC™Os; with lithium aluminum hydride (11). 
C3H7O;N (105.1). Caleulated, N 13.3; 

Found, t-serine, N 13.4 [a]? +14.5° + 0.2° (6.51% in 1 n HCl) 


p-serine, N 13.5 [a]? —15.3° + 0.2° (4.71% in 1 n HCl) 


TABLE I 
Distribution of Activity in Glucose Derived from Glycerol-1-C' 
Prepared Chemically and Biochemically 


The values for each carbon are given in per cent of total radioactivity in glucose. 


Glucose carbon Doerschuk (6)* Landaut —— ety and 
C, 20 23 
Ce 4 0 4 
Cs; 25 26 56 
CU, 25 29 31 
Cs 5 3 2 
Ce 25 23 3 


* Recalculated from data obtained in vivo. The animal was killed 24 hours after 
receiving glycerol-1-C'* synthesized by Doerschuk (4). 

t The authors are indebted to Dr. B. Landau for permission to use these unpub- 
lished data, obtained from experiments in vitro in these laboratories. The conditions 
are those described by Landau, Hastings, and Nesbett (7). The results on glycogen 
glucose and glucose of the medium showed little difference and are combined (average 
of three experiments). ‘The glycerol used was synthetically prepared by Gidez and 
Karnovsky (5). 

t Recalculated from the data of these authors (average of three experiments). 
The experiments were carried out with rats in vivo, and the liver glycogen was de- 
graded. The glycerol was obtained from goat milk fat (8). 


Conversion of Serine to Glyceric Acid-3-C'*—The enantiomorphs of serine 
were deaminated with nitrous acid to yield p- and L-glyceric acid, essen- 
tially according to Fischer and Jacobs (12). The reactions were carried 
out on a scale of 2 mmoles, and 2 mmoles of carrier glyceric acid were 
added to the product, which was then directly esterified. 

Preparation of Ethyl Glycerate, Ethyldiacetyl Glycerate, and Glycerol— 
These steps were carried out exactly as recommended by Doerschuk (4), 
except for minor modifications and adjustments in scale. 

The two samples of glycerol finally obtained were distilled three times 
and were of a chemical and radiopurity comparable to that of the glycerol 
prepared by Gidez and Karnovsky (5). The yield of radioactivity was 
about 10 per cent, based on D- or L-serine-3-C"™, 
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Nomenclature of Forms of Glycerol-1-C'*—Three samples of glycerol-1-C™ 
have been compared in this study: (a) glycerol prepared from p-serine-3- 
C4; (b) glycerol prepared from t-serine-3-C™; (c) the glycerol-1-C™ pre- 
pared by Gidez and Karnovsky (5) and formerly referred to as glycerol- 
a-C (13-15). Products (a) and (b) could conveniently be differentiated 
by referring to product (a) as p-glycerol-3-C™ and to (b) as L-glycerol-3-C"™. 
However, if the labeled carbon is referred to as carbon 1 (C,), which has the 
advantage of being analogous to the practice of referring to the functional 
carbon in a given series as C,;, then product (a) can be termed t-glycerol- 
1-C, and product (b) becomes p-glycerol-1-C. In the case of product 
(c), no optically asymmetric forms were involved in the synthesis, and the 
product can be referred to as pi-glycerol-1-C"™. 

Incubation of Rat Liver Slices with Glycerol-1-C'*—Rats of the Wistar 
strain were fasted overnight and killed by decapitation. The livers were 
excised and sliced with a Stadie-Riggs microtome. Incubation was carried 
out at 37° under oxygen in Krebs-Ringer phosphate medium, with shaking 
for 2.5 hours. The medium contained 20 umoles per ml. of glycerol, count- 
ing about 2.5 X 10? c.p.m. per umole, and 10 wmoles per ml. of glucose. 
It was convenient to use about 5 gm. of slices in 50 ml. of medium. 

The two samples of glycerol-1-C™“ prepared here and the one prepared 
previously were used in separate flasks. 

Isolation of Lipides from Slices and Separation of Phosphatides—The 
slices were removed from the medium, washed three times for 2 minutes 
each time in fresh saline, blotted, and homogenized in a micro-Waring 
blendor with a 20-fold volume of chloroform-methanol mixture, 2:1 by 
volume (16). The extract was filtered and washed five times as described 
by Folch et al. (17). The solvent was removed under nitrogen and the 
lipide dried in a vacuum desiccator overnight. The phosphatides were 
isolated by acetone precipitation as described previously (14). 

Isolation and Degradation of Glycerophosphate—The phosphatides were 
hydrolyzed with 1 N NaOH, and barium glycerophosphate was isolated 
exactly as described by Long and Maguire (18). The product was pre- 
cipitated twice and dried to constant weight. The following operations 
were carried out on the barium glycerophosphate: (1) Samples were oxi- 
dized to BaCO; and counted according to Van Slyke and collaborators 
(19, 20). (2) Samples were taken up in dilute (0.01 nN) HCl and a stoichio- 
metric amount of Na.SO, in 1 ml. of water was added. After thorough 
mixing, the precipitate was removed by centrifugation. ‘The supernatant 
fluid was treated with periodate by the method of Reeves (21) and the 
formaldehyde was distilled after destruction of excess reagent. It was 
precipitated and counted as formaldimedon (22). (3) In some experi- 
ments, samples were freed from barium as in (2) above, and the phosphate 
was completely cleaved from the glycerophosphate by exposure to a highly 
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active prostatic phosphatase preparation at pH 5.5 in 0.1 N acetate buffer.! 
The reaction was followed by determination of inorganic phosphate re- 
leased. The solution was deproteinized at the end of the reaction with 
Ba(OH).-ZnSO, (23) and centrifuged. The supernatant fluid was then 
oxidized with periodic acid, and the formaldehyde formed was counted as 
formaldimedon (5). 

These operations gave the specific activities, respectively, of a) the total 
phosphatide glycerophosphate carbon; (2) the free primary carbinol carbon 
of the a-glycerophosphate, and (3) both primary carbinol carbons of glyc- 
erophosphate. 

Furthermore, after the periodate oxidation of operation (3) above, for- 
mate which represented the 6-carbon of glycerophosphate could be re- 
covered, and was oxidized to BaCO; with mercuric ion and counted (24). 
It should be borne in mind that all the glycerophosphate isolated, although 
a mixture of D-a-glycerophosphate, L-a-glycerophosphate, and #-glycero- 
phosphate, originated from the L-a-glycerophosphate of the phosphatides 
(18, 25). 

Isolation of Glucose from Medium—The medium was deproteinized by 
heating at 75° for 20 minutes, cooling, and filtering. The filtrate was con- 
centrated under a vacuum and, in some experiments, was treated with 
phenylhydrazine to yield glucose phenylosazone directly. This was re- 
crystallized to constant activity. 

In other experiments the deproteinized medium was lyophilized and ex- 
tracted exhaustively with hot ethanol, and the ethanolic extracts were 
brought to dryness under a vacuum at about 50-60°. The residue was 
deionized and glucose was crystallized as described by Putman et al. (26). 

Degradation of Glucose—Standard methods, which have been described 
previously (15, 27), were employed for the degradation of the glucose of 
the incubation medium. The following glucose fragments were obtained 
and counted: C;~ 6; Ci4243 3 Ci42; 5; 445; Co4 344453 Ci; Ce. 

The specific activity of individual carbon atoms of glucose could thus be 
calculated. In computing these values, it was found convenient to set 
Cs; equal to Cy. This assumption was based on the observation that 
Ci 4243 all cases was nearly equal to 546 (see Table III below), 
and that all calculations from the measurements listed above indicated 
that the activities of C. and C; were low and at the limit of significance. 

Counting—Counting was performed as described previously (28). 


Results 


Distribution of Activity in Carbons of Glycerophosphate from Phosphatides 
——When the activity of the free primary carbinol carbon of a-glycerophos- 


1 The authors are greatly indebted to Dr. G. Schmidt for a generous gift of a pro- 
static phosphatase preparation. 
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phate was compared with the activity of the whole glycerophosphate mole- 
cule, it was found that, in three experiments with L-glycerol-1-C™, all the 
activity of the glycerophosphate was in the free primary carbinol carbon 
(C,). In three experiments with p-glycerol-1-C', no detectable activity 
appeared in the free primary carbinol carbon (C,) of the a-glycerophos- 
phate. 


TaBLe II 
Distribution of Activity in Terminal Carbons of Glycerophosphate 
The results are expressed as a percentage of the total activity of the glycerophos- 
phate (GPA) found in the primary carbinol carbons The carbon of the free primary 
carbinol group is C,; that of the esterified carbinol group is C;. 


Substrate glycerol-1-C'™ 


D- L- DL- 
C; 6.1 99.2 | 50.5 
93.9 0.8 49.5 
TABLE III 


Distribution of Activity in Various Glucose Fragments from Four Experiments 


The results are expressed as a percentage of the total activity of glucose (C; — «) 
The mean and standard error of the mean are given in each case. 


Substrate glycerol-1-C™ 
D L- DL- 
| 46.3 + 0.8 48.3 + 1.4 
Cyis5 | 4.2+ 0.3 | 51.7 + 3.3 | 27.3 + 1.8 
Cs 47.8 + 1.0 | 5.44 1.0 | 26.8 + 0.2 


In more precise experiments, measurements were made of (a) the activity 
of the free primary carbinol carbon and (b) the mean activity of both pri- 
mary carbinol carbons. It was then possible to calculate (c) the activity 
of the carbon of the esterified primary carbinol group. Thus, (¢) may be 
expressed as (2b) — (a). Table II gives the results obtained in these ex- 
periments. 

When the formate, representing C2 of glycerophosphate, was converted 
to BaCO; and counted, it appeared that in all experiments less than 3 per 
cent of the total activity of glycerophosphate was in the 6-carbon. 

Distribution of Activity in Carbons of Glucose—Tables III and IV give 
the results obtained in the degradation of the glucose of the incubation 
medium. Periodate oxidation of glucose phenylosazone yielded the data in 
Table III, and those of Table IV were either measured directly or were 
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calculated from the values for groups of carbon atoms obtained as outlined 
under “‘Experimental.”’ 

In Table [II it may be noted that in all cases the same proportion of the 
total activity was found in the upper half of glucose. Considerable dif- 
ferences in the activities found in C4, 5 and C¢ are evident according to the 
glycerol preparation used. Thus, in the case of p-glycerol-1-C, about one- 
half of the total activity of glucose appeared in Cz. and very little in C, , s. 
In the case of L-glycerol-1-C™, the converse was true. When pi-glycerol- 
1-C' was the substrate, about one-quarter of the activity of glucose was 
found in Cz and the same amount in C4, 5. 


TABLE IV 
Distribution of Activity in Individual Carbon Atoms of Glucose 
The results are expressed as a percentage of the total activity of glucose. 


{Substrate glycerol-1-C™ 
Glucose carbon 
D L DL- 
C, 38.6 7.6 19.5 
C2 1.8 1.5 3.8 
C; 6.4 37.2 25.0 
C, 2.4 50.2 23.5 
Cs 1.8 1.5 3.8 
Ce 47.8 5.4 26.8 


Inspection of Table IV reveals that, when p-glycerol-1-C' was the sub- 
strate, the glucose formed was labeled predominantly in C; and Cs. With 
L-glycerol-1-C", the labeling of glucose was comparable to that observed in 
experiments with the biosynthetically produced glycerol-1-C™ (2, 3), and 
when the racemate was used the pattern of labeling was similar to that 
observed previously, C3, C4, and were almost equally active (see 
Table I). 


DISCUSSION 


Since Ogston’s observations in 1948 (29), there has been much interest 
in compounds, particularly those of biological significance, which possess 
chemically identical but sterically non-equivalent groups. Several criteria 
have been proposed to define the basis for differentiation of identical groups 
in symmetrical molecules (30). 

Schwartz and Carter (31) have referred to a carbon atom, such as that 
of a compound Caabec, with two identical and two different substituents, 
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as a “meso carbon.” They have clearly pointed out that the two chemi- 
cally identical groups in such a molecule as Caabe (e.g. citric acid, glycerol) 
are sterically non-equivalent, whether or not one of those two groups is 
isotopically different from the other, 7z.e. labeled. 

Furthermore, a compound such as Caa*be (in which “a*” is chemically 
identical to but isotopically different from ‘‘a’’) is “isotopically asym- 
metric,” by analogy with a “chemically asymmetric”? compound Cabed in 
which the four substituents are chemically different. The distinction be- 
tween the two types of asymmetry, 7.e. that of Caa*be and that of Cabed, 
is not intrinsic, but lies in the means of detection (30). Thus, with the 
latter the means is optical activity, and in the case of the former it may be 
the distribution of activity in a product derived from the labeled compound 
by reaction with a chemically asymmetric compound. 

The reasoning on which the synthesis of the two labeled glycerol forms 
was based is similar to that used in the synthesis of one of the two possible 
forms of citric acid labeled in a terminal carboxyl group (32). In these 
syntheses a chemically asymmetrical intermediate was resolved, and in- 
dividual enantiomorphs carried further to the final product which both 
contained a “meso carbon” and was “isotopically asymmetric.”’ In the 
present study it has been possible to obtain the two enantiomorphs of glyc- 
erol-1-C'4 and to relate them formally to the conventional p and L series. 

That the designations given to the two enantiomorphic forms of glyc- 
erol-1-C4 are compatible with the conventional configurational assignments 
(33) follows from the fact that p-serine has been strictly correlated with 
p-glyceraldehyde (34) and that deamination with nitrous acid does not 
cause inversion or racemization of serine (12, 35). Further, the designa- 
tions given the two glycerol-1-C' forms predict correctly the disposition of 
activity in L-a-glycerophosphate. Thus, when .L-glycerol-1-C™ is phos- 
phorylated, the phosphate group would be expected to attach to C3, and 
all the activity would be expected to be found in the free primary carbinol 
group (C,). In the case of p-glycerol-1-C™, phosphorylation would occur 
at C,, so that all the activity would appear in the esterified primary car- 
binol group of L-a-glycerophosphate. ‘The scheme in Fig. 1 summarizes 
these reactions, and the expectations are fully borne out by the data of 
Table IT. 

Bublitz and Kennedy (36), in an elegant experiment utilizing glycero- 
kinase and the biosynthetically prepared glycerol-1-C'™ of Swick and Nakao 
(3), found that all of the activity of the a-glycerophosphate formed was in 
the unesterified primary carbinol group. The glycerol-1-C™ used in their 
experiments and also that of Schambye, Wood, and Popjak (2) would thus 
be identical with the L-glycerol-1-C' synthesized here. 

It should be noted that alkaline hydrolysis of L-a-glycerophosphatides 
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was used in the experiments reported here. Long and Maguire (18) found, 
by direct measurement, that 90 per cent of the a-glycerophosphate released 
by alkaline hydrolysis retained its configuration; 7.e., it was recovered in the 
L form. Indeed, the results of Table II appear to indicate even less race- 
mization during hydrolysis, but are not of the same accuracy as the direct 
measurements quoted above (18). 

The pattern of labeling of glucose formed from glycerol also supports the 
assignment of configuration to the two “‘isotope-enantiomorphs.”’ ‘Thus, 
in the case of L-glycerol-1-C'™ the labeled carbon atom becomes C3; and C, 
of glucose, and in the case of p-glycerol-1-C" (which is, of course also L-glyc- 


CH20H 
GH20H  HO-C-H 
HO-C-H CH20P=0 
CH20H {PHOSPHORYLATION O 


L- a-CLYCERO=- 


PHOSPHATE - 


CH20H CH20H GH20H 
H-C-OH = HO-G-H HO-C-M 
' 
CH20H GH2OH GH20P=0 
-1-¢"4 O 
L- a-GLYCERO- 


PHOSPHATE-3-¢"4 
Fic. 1. Phosphorylation of two enantiomorphic forms of glycerol-1-C'™. The 
labeled atom is in bold-faced type. The point of action of glycerokinase and ATP 
(36) is indicated. 


erol-3-C' (Fig. 1)), the labeled carbon atom becomes C,; and C, of glucose 
(Table IV). 

It is of interest to note that the reactions, L-a-glycerophosphate — di- 
hydroxyacetone phosphate — p-glyceraldehyde phosphate, involve a real 
inversion of configuration (36, 37). It is also noteworthy that, over-all, 
47.1 + 0.2 per cent of the total activity of glucose was to be found in 
Cy, 243 (twelve experiments, Table III). This contrasts with the finding 
of Schambye, Wood, and Popjak (2) that the upper half of glucose con- 
tained much more than half of the total activity of glucose, and that C, 
was 1.4 to 2.4 times as active as Cy. Differences in the experimental con- 
ditions, such as incubation zn vitro rather than administration of the sub- 
strate in vivo, and the use of fasted rather than fed animals could explain 
the differences in results (2, 38). 

From the distribution of activity in glucose after incubation of liver slices 
with glycerol-1-C™, it appears that some randomization of activity, par- 
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ticularly in the upper half of glucose, has occurred. The pattern is con- 
sistent with the possibility that some newly formed labeled glucose has 
taken part in the direct oxidation pathway. The effect is small, probably 
due to the large reservoir of unlabeled glucose which dilutes the labeled 
glucose before the labeling pattern of the latter can be randomized. The 
possibility is also not excluded that the primary carbinol groups of some of 
the glycerol-1-C™ which has become part of the glucose skeleton might not 
have retained their identity, a situation which would not be detectable in 
experiments with pi-glycerol-1-C'™. Such a loss of uniqueness by the in- 
dividual primary carbinol groups of glycerol could occur if a compound of 
the type Caabb (e.g. dihydroxyacetone) or a racemic mixture (e.g. DL- 
glyceraldehyde) lay on a pathway to glucose. The primary carbinol groups 
of dihydroxyacetone are stereochemically equivalent (30, 39) and formation 
of racemic glyceraldehyde from glycerol implies attack at either primary 
carbinol group of the latter. Dihydroxyacetone or pL-glyceraldehyde could 
conceivably originate from the direct dehydrogenation of glycerol (40, 41) 
and could subsequently be phosphorylated (42). The question of the ex- 
tent of the direct dehydrogenation of glycerol by liver merits further study, 
since it might be of some importance in interpreting work on the origin of 
phosphorylated 3-carbon units, the relative rates of reaction of triosephos- 
phate isomerase and aldolase, and the proportion of activity located in 
Ci 4243 0rin Cy, 5,4. 0f the glucose molecule (2, 7, 38). 


SUMMARY 


p- and L-serine-3-C™ were converted to L- and p-glycerol-1-C™ respec- 
tively by deamination of the amino acid and reduction of the resulting 
glvceric acid esters. The two samples of glycerol-1-C'* obtained and glye- 
erol-a-C' (pL-glycerol-1-C™), previously prepared by a process that did not 
involve asymmetric intermediates, were incubated with rat liver slices. It 
was found that in experiments with L-glycerol-1-C™ the activity appeared 
almost exclusively in the free primary carbinol group of the L-a-glycero- 
phosphate of tissue phosphatides and in C; and C;, of the glucose of the 
medium. In the case of p-glycerol-1-C™, activity appeared almost exclu- 
sively in the esterified primary carbinol group of L-a-glycerophosphate and 
in and Cz, of glucose. With pi-glycerol-1-C' (glycerol-a-C"), activity 
appeared almost equally in both primary carbinol groups of glycerophos- 
phate and in C,, C3, C4, and C, of glucose. The designations assigned to 
the glycerol-1-C" forms are consistent with the conventional p and L series. 
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PATHWAYS OF GLYCEROL DISSIMILATION IN TWO STRAINS 
OF AEROBACTER AEROGENES: ENZYMATIC AND 
TRACER STUDIES* 


By DAVID RUSH, DORIS KARIBIAN, MANFRED L. KARNOVSKY, 
AND BORIS MAGASANIK 


(From the Department of Bacteriology and Immunology, the Biophysical 
Laboratory, and the Department of Biological Chemistry, 
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(Received for publication, December 10, 1956) 


The degradation of glycerol by resting cell suspensions of two strains of 
Aerobacter aerogenes, one capsulated (strain 1033), the other not (strain 
1041), has been described in a previous publication (1). It was found that 
only strain 1033 is capable of degrading glycerol in the absence of oxygen, 
though both strains can oxidize this substrate. The results of experiments 
comparing the adaptive patterns and the end products of glycerol oxida- 
tion in the two strains suggested that glycerol is metabolized in strain 1033 
via dihydroxyacetone, and in strain 1041 via L-a-glycerophosphate. In 
both strains pyruvate appeared to be an intermediate in the complete oxi- 
dation of glycerol to CO2 and water. 

The present paper describes enzymatic and tracer studies by use of the 
isotope enantiomorphs of glycerol-1-C™ (2). The results confirm and ex- 
tend the conclusions drawn from the earlier work. 


Materials and Methods 


Bacteria—The properties and methods of cultivation of A. aerogenes, 
strain 1033, and of A. aerogenes, strain 1041, have been described in a 
previous publication (1). 

Chemicals—Most of the chemicals used have been described previously 
(1). The disodium salts of ATP', and DPN, were purchased from General 
Biochemicals, Inc. The synthesis of p-glycerol-1-C'™ and of L-glycerol-1- 
C™ has been described (2). 

Analytical M ethods—Most of the methods have been discussed previously 


* This work was supported in part by a research grant (No. RG-3554) from the 
United States Public Health Service, by the Eugene Higgins Trust through Harvard 
University, and by a contract with the Atomic Energy Commission. Some of the 
material was taken from a thesis presented by David Rush to Harvard College in par- 
tial fulfilment of the requirements for the degree of Bachelor of Arts with honors in 
Biochemical Sciences. 

' The following abbreviations are used: ATP, adenosine triphosphate; DPN, di- 
phosphopyridine nucleotide; DPNH, reduced diphosphopyridine nucleotide; Tris, 
tris(hydroxymethyl)aminomethane. 
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(1); the production of DPNH was measured spectrophotometrically at 340 
my; the reduction of methylene blue was followed in Thunberg tubes. Pro- 
tein was determined by the method of Lowry et al. (3), and dihydroxyace- 
tone by a modified Seliwanoff test (4). Details of these procedures are 
given in the text and in Tables Ito TV. Radioactivities were measured as 
described previously (5). 

Isolation of Dinitrophenylhydrazone of Pyruvic Acid—The bacterial sus- 
pension was centrifuged and the supernatant solution was passed over a 
Dowex 2 (200 to 400 mesh) formate column (11.5 em. X 2.5 sq.cm.); the 
adsorbed pyruvate-C' was removed by gradient elution with 4 n formic 
acid (6). The radioactive pyruvic acid (30 to 50 wmoles) was converted 
to its dinitrophenylhydrazone after approximately 900 wmoles of carrier 
sodium pyruvate had been added (7). The crude dinitrophenylhydrazone 


was dissolved in sodium hydroxide, insoluble material was removed by | 


centrifugation, and the phenylhydrazone was reprecipitated by addition of 
acid to the supernatant solution. Finally, the dinitrophenylhydrazone was 
recrystallized from aqueous ethanol to constant radioactivity. 

The carboxyl group of pyruvic acid was isolated as BaCO; by taking 
advantage of the fact that its dinitrophenylhydrazone, when heated with 
ceric sulfate in strong acid, yields the carboxyl group directly in good yield 
(8). The method used was as follows: 50 mg. of pyruvic dinitrophenyl- 
hydrazone were dissolved in 5 ml. of acetone in a three-necked round bot- 
tomed flask provided with a reflux condenser, a gas inlet tube leading to 
the bottom of the flask, and a dropping funnel. The top of the reflux con- 
denser was connected to a small gas absorber containing an aliquot (2 to 
3 ml.) of a Ba(OH):.-BaCl. solution (0.25 x Ba(OH).s, with 2 gm. of BaCl, 
per 100 ml. (9)), about 5 ml. of CO2-free water, and 2 drops of phenol- 
phthalein indicator. A suitable design for this gas absorber is given by 
Abraham (10). The flask was chilled to 0° in an ice bath, and CO>.-free 
nitrogen was bubbled through the solution for 5 minutes. The absorber 
was checked to insure that no BaCO; had formed. If necessary, a fresh 
charge of absorbing solution was added. 15 ml. of a well shaken 5 per cent 
suspension of Ce(HSO 4), in 12.5 nN H2SO,4 were now added to the contents 
of the flask. It was important that this reagent was freshly made up each 
day. The bubbling of Ne was continued and the ice bath was replaced 
with a water bath at 60-65°. This temperature was maintained for 15 
minutes, with constant flushing of the system with N.. The excess Ba- 
(OH). was titrated carefully with acid (0.1 N HC]) through a side arm in 
the gas absorber. The trap was removed and the BaCQOs recovered by 
centrifugation. It was thoroughly washed with CO.-free water and plated. 

When this method was tested, by use of the dinitrophenylhydrazone of 
pyruvate-1-C™, the specific activity (counts per millimole) of the recovered 
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CO. was 99 per cent of theoretical. When the dinitrophenylhydrazones 
of pyruvate-2-C" or of pyruvate-3-C"™ (carbonyl- or methyl-labeled pyru- 
vate) were used, the BaCO; obtained was found to have a specific activity 
less than 1 per cent that of the pyruvic acid. 

Preparation of Extracts—The cells were collected by centrifugation, sus- 
pended in 8 parts of 0.02 m Tris buffer, pH 6.7, and subjected to sonic oscil- 
lation in a magnetostrictive 10 ke. oscillator (Raytheon) for 20 minutes. 
The mixture was centrifuged at 18,000 X g at 4° for 30 minutes. The su- 
pernatant fluid was drawn off and stored at —20°. For some of the experi- 
ments the cell-free extracts were freed from flavoproteins by the following 
treatment, carried out at 4° (11); 12 ml. of a saturated ammonium sulfate 
solution were added to 12 ml. of the crude extract. + ml. of 0.1 N HCl were 
then added dropwise with continuous stirring, and the mixture was cen- 
trifuged for 15 minutes. The supernatant fluid was discarded, and the 
residue was washed twice with 25 ml. portions of one-half saturated am- 
monium sulfate solution and finally dissolved in 12 ml. of 0.1 phosphate 
buffer, pH 7.4. 


Results 


Oxidation of Isotope Enantiomorphs of Glyccrol-1-C™ to Pyruvie Acid by 
Resting Cells—Suspensions of glycerol-grown cells of A. aerogenes, strain 
1033, and of A. aerogenes, strain 1041, were allowed to oxidize L-glycerol- 
1-C', p-glycerol-1-C', and pi-glycerol-1-C' in the presence of in a 
Warburg apparatus, as described previously for unlabeled glycerol (1). 
Each vessel contained 10 umoles of one of the isomers, and the contents of 
six identical vessels were pooled when the uptake of oxygen had ceased; at 
this stage a substantial portion of the glycerol had been converted to py- 
ruvic acid (1). The bacteria were removed by centrifugation and the pure 
dinitrophenylhydrazones of pyruvic acid were isolated as described in the 
previous section. 

After determination of their radioactivities, the three dinitropheny]l- 
hydrazones were decarboxylated by the method described above and the 
radioactivities of the resulting BaCO, preparations were measured. 

The results of these experiments are presented in Table I. It can be 
seen that the pyruvic acid produced from either L-glycerol-1-C or from 
b-glycerol-1-C'4 by strain 1033 contains about one-half of its radioactivity 
in the carboxyl] group. On the other hand, strain 1041 converts L-glycerol- 
1-C™ to pyruvic acid containing virtually all the radioactivity in the car- 
boxyl group and, correspondingly, converts p-glycerol-1-C" to pyruvic acid 
With virtually no activity in the carboxyl group. The observation that 
DL-glycerol-1-C" is converted by both organisms to pyruvic acid with one- 
half of the radioactivity in the carboxyl group is evidence that the replace- 
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ment of C? by C'* does not bring about the preferential utilization of one | 
of the isotope enantiomorphs by strain 1041 to any significant degree. : 

Glycerol Dehydrogenase—Cell-free extracts prepared from glycerol-grown 
A. aerogenes, strain 1033, convert DPN to DPNH in the presence of glyc- 
erol and convert DPNH to DPN in the presence of dihydroxyacetone. 


TABLE I 


Distribution of Radioactivity in Pyruvate Derived from 
Isotope Enantiomorphs of Glycerol-1-C' 


Radioactivity in carboxyl group* 
Substrate 
Strain 1033 Strain 1041 


* Expressed as a percentage of the activity in the whole pyruvate molecule; 7.e., 
Ci/Ci;4243X 100. Thespecific activity of the samples of pyruvic dinitrophenylhy- 
drazone ranged from 2.5 X 103 to 6 X 10‘ c.p.m. per mmole. 


TaBLeE II 
Glycerol Dehydrogenase 


The enzyme was measured by following the increase in optical density at 340 my, 
due to the formation of DPNH; the arbitrary unit of glycerol dehydrogenase activity 
is defined as an increase in optical density of 0.10 in 1 minute measured in a cuvette 
with a light path of 10cm. The assay system consisted of 500 umoles of glycerol, 
0.5 umole of DPN, and an acid-treated cell extract containing between 200 and 1500 
y of protein in a total volume of 3.0 ml. of 1.0m Tris buffer at pH 8.0 and 25°. 


Enzyme activity, units per mg. protein 
Growth medium : 
Strain 1033 Strain 1041 


Precipitation of the active enzyme extract with acidic ammonium sulfate, 
a treatment known to bring about the inactivation of flavoproteins (11), 
appears to enhance the rate of DPN reduction by glycerol, presumably be- 
cause of the removal of DPNH oxidase. The results of the experiments 
summarized in Table II show clearly that this glycerol dehydrogenase is an 
inducible enzyme which is produced by strain 1033, but not by strain 1041. 
It appears to be identical with the glycerol dehydrogenase discovered by 
Burton and Kaplan in a strain of A. aerogenes (12), and may be purified 
according to Burton’s directions (13); it is not identical with the DPN- 
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linked inositol dehydrogenase of A. aerogenes, strain 1033, whose synthesis 
is specifically induced by myo-inositol (14). 

Glycerokinase and a-Glycerophosphate Dehydrogenase (Table III)—In the 
absence of ATP and of DPN, extracts of the two strains cannot reduce 
methylene blue in the presence of glycerol. When ATP is added, extracts 
of glycerol-grown cells of strain 1041 catalyze the reduction of methylene 
blue by glycerol, whereas extracts of glucose-grown cells of this strain, and 
of glycerol- or of glucose-grown cells of strain 1033, are still inactive. All 
extracts catalyze the reduction of methylene blue by glycerophosphate, but 


TaBLeE III 
Glycerokinase and Glycerophosphate Dehydrogenase 


The enzymes were measured by following the reduction of methylene blue in 
Thunberg tubes to 90 per cent of completion. The arbitrary unit of enzyme activity 
is defined as the number of millimicromoles of methylene blue reduced in 1 minute. 
The assay system consisted of 250 umoles of substrate (glycerol or sodium-a-glycero- 
phosphate), 0.267 wmole of methylene blue and cell extract, dialyzed overnight 
against tap water, containing 1 to 5 mg. of protein in a total of 5.0 ml. of 0.067 m 
phosphate buffer at pH 7.4 and 37°; as indicated, the mixture contained, in addition, 
60 zmoles of ATP, 5 umoles of MgCl., and 125 uwmoles of KF. 


Enzyme activity, units 
per mg. protein 
Growth medium Substrate ATP 
Strain 1033 Strain 1041 

Glucose Glycerol + 0 

Glycerophosphate 2.5 2.7 
Glycerol Glycerol — 0 0 

sa Glycerophosphate _ 8.7 14.6 


extracts of glycerol-grown cells, and notably those of strain 1041, are con- 
siderably more active. On the other hand, DPN is not reduced by glyc- 
erophosphate in the presence of these extracts. These results indicate that 
both strains contain a glycerophosphate dehydrogenase not requiring DPN, 
the synthesis of which is stimulated by the presence of glycerol; in addition, 
strain 1041, but not strain 1033, possesses a glycerokinase whose synthesis 
is induced by glycerol. 

It was possible to confirm the presence of the glycerokinase in extracts 
of glycerol-grown cells of strain 1041 by the following experiment: an ex- 
tract of strain 1041 (904 y of protein) was incubated with 50 umoles of 
glycerol, 4 umoles of ATP, | umole of MgCl., 25 umoles of KI, 25 wmoles 
of ‘Tris, pH 7.4, and water to a totai volume of | ml., under anaerobic con- 
ditions at 37° for 2 hours. <A similar mixture without glycerol served as 
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control. ‘The reaction mixtures were deproteinized with perchloric acid, 
neutralized with KOH to precipitate the perchloric acid, and finally treated 
with charcoal to remove the adenine derivatives. A total of 3.5 uwmoles of | 
organic phosphate, stable to hydrolysis with boiling x HCl for 7 minutes, | 
was formed, 7.e. above the control value which was 0.6 umole. This indi- 
cated the presence of an enzyme capable of transferring phosphate from } 
ATP to glycerol. 

The glycerophosphate dehydrogenase of glycerol-grown cells of strain 
1041 was studied further by measuring the oxidation of a-glycerophosphate 
by these extracts ina Warburg apparatus. In the absence of the substrate, 
no oxygen uptake was observed and 6-glycerophosphate was not oxidized. 
Sodium DL-a-glycerophosphate (50 wmoles) was oxidized by an extract of 
strain 1041 (62 mg. of protein) in 0.1 m Tris buffer (3.0 ml., pH 7.0, at 37°) 
with a total consumption of 1.2 gm. atoms of oxygen per mole of L-a-glyc- 
erophosphate over a period of 120 minutes; no COz was formed, and the 
deproteinized reaction mixture was found to contain, after treatment with 
intestinal phosphatase (2), 6.5 umoles of dihydroxyacetone. In 0.1 m phos- 
phate buffer (3.0 ml., pH 8.0, at 37°) sodium pi-a-glycerophosphate (25 
umoles) was oxidized by an extract of strain 1041 (50 mg. of protein) with 
a total uptake of 2.5 gm. atoms of oxygen per mole of L-a-glycerophosphate 
in a period of 80 minutes; no CO» was evolved. 

These results are in good agreement with earlier observations on resting 
cells of strain 1041, which indicated the conversion of L-a-glycerophosphate 
to pyruvate via the Embden-Meyerhof pathway (1). In the absence of 
inorganic phosphate, L-a-glycerophosphate seems to be oxidized by the 
extract only as far as dihydroxyacetone-phosphate, as shown by the uptake 
of approximately 1 gm. atom of oxygen per mole of substrate, and by the 
presence of dihydroxyacetone in the phosphatase-treated reaction mixture. 
The increase in oxygen consumption in the presence of inorganic phosphate 
to approximately 2 gm. atoms per mole of L-a-glycerophosphate probably 
reflects the further oxidation of dihydroxyacetone phosphate via p-glyceral- 
dehyde phosphate to phosphoglyceric acid, a reaction known to require 
inorganic phosphate. 


DISCUSSION 

The availability of glycerol-1-C™ enantiomorphs suggested a novel way 
of studying the pathways of glycerol dissimilation in capsulated and acap- 
sulated strains of A. acrogenes. The analysis of the adaptive patterns and 
of the products of glycerol dissimilation had earlier suggested that the cap- 
sulated strain 1033 initiated the attack on glycerol with its dehydrogena- 
tion to dihydroxyacetone, a compound in which the primary carbino! 
groups are sterically equivalent (15). The two a-carbons of dihydroxy- 
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acetone would therefore not be differentiated in the enzymatic steps which 
eventually lead to pyruvic acid. Consequently, if dihydroxyacetone is in- 
deed an intermediate in the conversion of glycerol to pyruvate, both a-car- 
bons of glycerol should contribute equally to the carboxyl group of pyruvic 
acid. On the other hand, if the initial product of the enzymatic attack on 
glycerol is L-a-glycerophosphate, as indicated by earlier observations on 
the adaptive pattern of the acapsulated strain 1041, then the carboxy] 
group of pyruvate should be exclusively derived from the a-carbon of glyc- 
erol other than the one phosphorylated in the initial reaction. 

The results of the experiments summarized in Table I for strain 1041 are 
in conformity with those previously reported for rat liver slices; 7.e., L-glyc- 
erol-1-C' is phosphorylated at the primary carbinol group of C3, whereas 
p-glycerol-1-C"™ is phosphorylated at the primary carbinol group of C, (2) 
leading to L-a-glycerophosphates labeled, respectively, in the free primary 


TaBLeE IV 
Enzymatic Activities of A. aerogenes, Strains 1033 and 1041, Grown on Glycerol 
Enzyme Strain 1033 Strain 1041 
Glycerol dehydrogenase* | +++ 
Glycerokinaset | | +++ 
Glycerophosphate dehydrogenaset | ++ 


be” See Table II. 
t See Table ITI. 


carbinol group or in the esterified primary carbinol group. In the case of 
strain 1033, the distribution of activity between the carboxyl and methyl] 
groups of pyruvate is in conformity with the postulated pathway in which 
dihydroxyacetone is the immediate product of glycerol utilization. It may, 
however, be noted that the distribution of activity in pyruvic acid in the 
case of both isotope enantiomorphs of glycerol deviates somewhat from the 
theoretical value (50 per cent). The direction of the deviation in the case 
of both isotope enantiomorphs might indicate the presence in this strain of 
a small contribution to the pyruvate formed (about 20 per cent) by a path- 
Way via L-a-glycerophosphate. 

The investigation of the enzymatic composition of the extracts prepared 
from cells of the two strains (Table IV) provides an explanation for the 
different pathways of glycerol dissimilation in these organisms. Strain 
1033 possesses an inducible DPN-linked glycerol dehydrogenase capable of 
converting glycerol directly to dihydroxyacetone. This enzyme is lacking 
in strain 1041. On the other hand, an inducible glycerokinase could be 
demonstrated in strain 1041, but not in strain 1033; the amount of this en- 
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zyme required for the relatively minor dissimilation of glycerol via L-a- 
glycerophosphate in strain 1033 indicated by the isotope experiments may 
be too small for detection by the enzymatic method used. In addition, 
both organisms contain an a-glycerophosphate dehydrogenase which does 
not appear to be DPN-linked. In strain 1041 this enzyme is essential for 
the utilization of glycerol; it catalyzes the oxidation of the L-a-glycerophos- 
phate formed from glycerol by the inducible glycerokinase. The observa- 
tion that the a-glycerophosphate dehydrogenase does not react with DPN 
offers an explanation for the inability of strain 1041 to dissimilate glycerol 
under anaerobic conditions (1). In the presence of oxygen both pathways 
of glycerol dissimilation, via dihydroxyacetone and L-a-glycerophosphate, 
appear to be equally efficient in providing the respective organisms with the 
energy and the metabolites required for rapid growth. 


We are indebted to Dr. Arnold F. Brodie for many helpful suggestions. 


SUMMARY 


The pathways of glycerol dissimilation in two strains of Aerobacter aero- 
genes were studied in intact cell suspensions by the use of the isotope enan- 
tiomorphs of glycerol, and in cell extracts by an examination of their en- 
zymatic composition. The results indicate that A. aerogenes, strain 1033, 
initiates the attack on glycerol mainly with its direct dehydrogenation to 
dihydroxyacetone, whereas the other, strain 1041, initiates the attack on 
glycerol with its phosphorylation to L-a-glycerophosphate. Thus, when 
pyruvate resulting from the metabolism of pb- or L-glycerol-1-C' was de- 
graded chemically, it was found that, in the case of strain 1033, the identity 
of the two primary carbinol groups of glycerol was not maintained and 
about one-half of the activity of the pyruvate was present in the carboxy] 
group. In the case of strain 1041, the identity of the glycerol primary 
carbinol groups was maintained, and all the activity of the pyruvate ap- 
peared in the carboxyl carbon when L-glycerol-1-C' was used, whereas 
virtually none was present in that carbon when p-glycerol-1-C™ was the 
substrate. Each pathway enables the respective organism to dissimilate 
glycerol via pyruvate at a rate sufficient for rapid growth. 
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STUDIES ON THE MECHANISM OF ACTION 
OF AZATHY MINE 


III. RELATIONSHIP BETWEEN INCORPORATION INTO DEOXYPENTOSE 
NUCLEIC ACID AND INHIBITION* 


By WILLIAM H. PRUSOFF 


(From the Department of Pharmacology, Yale University School of Medicine, 
New Haven, Connecticut) 


(Received for publication, October 17, 1956) 


6-Azathymine (6-methyl-as-triazine-3 ,5(2H ,4H)-dione) and its deoxy- 
riboside, azathymidine, are competitive antagonists of the utilization of 
thymine or thymidine for the growth of Streptococcus faecalis (8043) in a 
folic acid-free medium (1, 2). Since azathymidine is much more inhibitory 
than azathymine for several microorganisms, the mechanism of inhibition 
by azathymine is not to prevent the biosynthesis of deoxypentose nucleic 
acid (DNA) by trapping deoxyribose (2). Some of the possible mecha- 
nisms whereby azathymine or its deoxyriboside may inhibit the growth of 
S. faecalis have been discussed previously (3). 

Pyrimidine analogues have been shown to be incorporated into the nu- 
cleic acids of several microorganisms (4-8). That this incorporation, with 
the formation of abnormal nucleie acids, is responsible for the interruption 
of reproductive mechanisms has often been suggested, but little experi- 
mental evidence in support of this concept has appeared. 

In the present study it is shown that 6-azathymine-5-C" is' incorporated 
into the DNA of S. faecalis; however, the formation of this unnatural DNA 
does not appear to be the mechanism whereby azathymine exerts its in- 
hibitory effects, unless an analogue of a specific type of DNA is involved. 
The mechanism of action of azathymine is more probably related to an in- 
hibition of the utilization of a required metabolic intermediate or of the 
function of an essential coenzyme. Zamenhof and coworkers have con- 
cluded from their studies with Escherichia coli that ‘“‘growth inhibition by 
an unnatural base does not imply introduction into DNA, and vice versa” 
(9). 


* This investigation was supported by grants from the American Cancer Society, 
as recommended by the Committee on Growth of the National Research Council, 
und from the National Institutes of Health, Public Health Service. 
!The radioactive carbon atom, in position 5 when the compound is numbered in 
the same manner as thymine, is actually in position 6 of the triazine ring. 


901 


902 MECHANISM OF ACTION OF AZATHYMINE. III 


EXPERIMENTAL 


Materials—6-Azathymine-5-C"™ was prepared, in collaboration with R.- 
B. Barlow, formerly of this department, by a modification? of published 
procedures (10). 

Sodium pyruvate-2-C™ (88 mg., 1 mc.) and non-labeled sodium pyruvate 
(37 mg.) (total, 1.14 mmole) were refluxed for 2 hours with thiosemicar- 
bazide (92 mg., 1.0 mmole) in water (2 ml.). When the solution was acidi- 
fied with HCl (2 Nn), the crystalline thiosemicarbazone of pyruvic acid 
formed immediately. After being cooled overnight at 4°, the suspension 
was centrifuged and the supernatant fraction discarded; the residue was 
washed with ice-cold H2O (2.0 ml.); then sodium hydroxide (0.15 Nn, 5 
ml.) was added and the solution was refluxed for 2 hours. After acidifica- 
tion with acetic acid (10 N), the solution was concentrated to 1 ml. by evap- 
oration at 100° under a stream of air and cooled at 4° overnight. The 
3-thio-5-keto-6-methyl-1 ,2 ,4-triazine which separated was isolated by cen- 
trifugation and washed with ice-cold H2O (2.0 ml.). The residue was dis- 
solved in NaOH (0.15 n, 3.0 ml.) and methyl iodide (0.12 ml., 273 mg., 1.9 
mmole) was added. After the solution was stirred for 14 hours, the pH 
had dropped to 6 and additional NaOH (0.15 n, 1 ml.) was added (pH 11). 
The stirring was continued for 14 hours and then the solution was refluxed 
for 1 hour. It was then concentrated to 1 ml. and cooled overnight at 4°, 
when the 3-thiomethyl-5-keto-6-methy]-1 ,2,4-triazine crystallized. The 
supernatant fraction was discarded after centrifugation and the residue was 
refluxed for 7 hours with a mixture of 1.2 ml. of concentrated HCl] and 2.2 
ml. of glacial acetic acid. The 6-azathymine formed was evaporated to 
dryness. The compound was purified by ion exchange chromatography 
(Dowex | formate) and had a specific activity of 1.0 X 10° ¢.p.m. per 
umole. The formic acid was removed by lyophilization. Radioactive 
homogeneity was indicated by paper chromatography in which the R, of 
the radioactive compound was identical with that of authentic 6-azathy- 
mine (3). 

Culture and Media—sS. faecalis (ATCC 8043) was grown in a medium 
described by Lepper (11). Microbial growth was determined by measur- 
ing the transmittance in a Klett-Summerson photoelectric colorimeter 
(Filter 66). The technique used to determine viability of the cultures has 
been described previously (2). 

Measurement of Radioactivity—Suitable aliquots were evaporated to dry- 
ness in stainless steel cupped planchets and the C" activity was measured 
with a Packard windowless flow counter. 


2? We are grateful to Dr. G. H. Hitchings of the Welleome Research Laboratories, 
Tuckahoe, New York, for information concerning this method of synthesis prior to 
publication. 
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Results 


Incorporation into DN A-—S. faecalis cells were harvested, after an incu- 
bation of about 24 hours at 37°, from 2 liters of media which were supple- 
mented with thymine (5 uwmoles per liter) and two levels of the inhibitor, 
6-azathymine-5-C"™ (7.0 umoles per liter, specific activity 2 10° ¢.p.m. 
per umole; and 40.0 umoles per liter, 4 105 c¢.p.m. per umole). The cul- 
tures, growth of which was partially inhibited by the analogue, had a tur- 
bidity of 155 and 105 Klett units, respectively. The Schmidt and Thann- 
hauser procedure was used to separate the pentose nucleic acid from the 
DNA (12). The incubation with KOH was repeated and the second super- 


TABLE I 


lon Exchange Separation of Partially Hydrolyzed Fraction of DNA Derived from 
S. faecalis Cells Grown in Presence of 6-Azathymine-6-C™ 


Fraction No. Volume Eluent 
ml. c.p.m. 
1 90 None HCOOH (0.001 n) 
2 750 167 me (0.001 ‘‘) 
3 120 84 (0.001 ‘‘) 
4 150 465 (0.001 ‘‘) 
5 270 114 (0.001 ‘‘) 
6 390 248 Gradient to 1.0 n HCOOH 
7 600 288 1.0 
9) 1700 328 HCOOH (1.0 n) + HCOONH, (0.2 n) 
10 750 4600 “ (1.0 **) + = (0.2 ‘‘) 
11 750 None (1.0 + (1.0 ‘‘) 


natant fraction obtained after acidification had no detectable radioactivity. 
The DNA was extracted with hot trichloroacetic acid (TCA) and, after 
removal of the TCA by extraction with ethyl ether, the solutions of crude 
DNA were evaporated to dryness. 

The DNA from the more inhibited culture was hydrolyzed with HC1QO,, 
and the free purine and pyrimidine bases were chromatographed in the iso- 
propanol-HC] system (13). The radioactive area had an Ry of 0.81 which 
coincided with the area occupied by thymine; in this system azathymine 
and thymine have identical Ry values. 

The other TCA hydrolysate of DNA was subjected to ion exchange chro- 
matography on a Dowex | formate column. The eluate was divided into 
eleven fractions according to its absorption at 260 my (Table I). Most of 
the radioactivity remained on the column until the formate concentration 
reached about 1 N; this precludes the presence of either the free base or the 
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nucleoside, since these are removed by 0.001 ~ formic acid. Of the radio- 
activity in the TCA hydrolysate of DNA, 81 per cent was present. in 
Fractions 8, 9, and 10; this suggests that the radioactive material is a con- 
stituent of a nucleotide or polynucleotide. That the radioactivity was as- 
sociated with a high polymer (DNA) prior to the hot TCA hydrolysis was 
indicated by the failure to detect significant amounts of radioactivity in 
either the extracts formed during the preparation of the DNA or in the ri- 
bonucleotide fraction. These fractions would have contained any of the 
radioactive azathymine originally added, as well as any low molecular 
weight derivative which escaped from the cold TCA extraction procedure. 

Fraction 10 (Table I) required high acidity and salt concentration for its 
elution and contained 64 per cent of the total radioactivity eluted. This 


TaBLeE IL 
Isolation and Identification of Radioactive Substance Present in DN A* of S. faecalis 
Grown in Medium Supplemented with 6-Azathymine-5-C™ 


System Specific activity 


c.p.m. per pmole 


* Non-radioactive azathymine (0.2 ymole) added to a formic acid digest of Frac- 
tion 10 (Table 1). 

+ Ethyl acetate saturated with phosphate buffer (pH 6.0, 0.05 m) (3). 

t Dowex 1 formate (1 em. X 5 cm.) 

§ Phosphate buffer (pH 8.0, 0.02 m), 480 volts (10 volts per cm.) ; 2.3 amperes. 


fraction presumably reflects a partial degradation of the original DNA. 
In order to demonstrate that the radioactivity represented the incorpora- 
tion of the intact. analogue rather than a degradation product, Fraction 10 
was evaporated to dryness and the ammonium formate removed by vacuum 
distillation; the residue was then hydrolyzed with formic acid (14). Un- 
labeled azathymine (0.2 umole) was added to an aliquot of the digest and 
the specific activity of the reisolated azathymine was determined after 
being subjected consecutively to paper chromatography, ion exchange 
chromatography, and finally paper electrophoresis. As can be seen in 
Table II, the specific activity of the analogue remained essentially constant 
throughout these procedures. 

The remainder of the formic acid digest was chromatographed without 
addition of unlabeled azathymine in the ethyl acetate system (3) and after 
elution again chromatographed in the n-butanol-ammonia system (15). 
The Ry values of the radioactive areas were identical with those of azathy- 
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mine in these systems; thus the radioactivity observed in the DNA was 
present as the intact azathymine molecule. 

Relationship between Incorporation of Azathymine into DNA and Inhibi- 
tion—S. faecalis was grown in media supplemented with thymine (5 umoles 
per liter) or pteroylglutamic acid (PGA) (0.01 mg. per liter) to which aza- 
thymine-5-C™ (10 or 60 uwmoles per liter; specific activity, 0.21 we. per 
umole) was added. After a 22 hour incubation, the cells were harvested 
by centrifugation, wet weight was determined (Table III), and the DNA 
was isolated by the procedure described above. Again no radioactivity was 
observed in the second ribonucleotide fraction. After the perchloric acid 
digestion (16) the bases were separated by paper chromatography in the 
isopropyl-2 nN HCl system (13). The thymine-azathymine area was eluted 


TaBLeE III 


Incorporation of 6-Azathymine-5-C™ into DNA of S. faecalis When Analogue Was 
Added before Inoculation 


Cell mass Per cent thymine 
Concentration | ‘wet weight) replaced 
Metabolite of 
— Experi- | Experi-| Experi-| Experi- 
ment ment 2; ment 1! ment 2 
pmoles per l. L 
Thymine, 5 wmoles per liter None 1.82 | 1.69 
10 1.44 | 1.38 14 12 
60 0.93 | 0.84 18 14 
Pteroylglutamiec acid, 0.01 mg. per liter None 2.60 | 2.18 
10 1.94 | 1.72 14 12 


with H.O, and the total optical density at 260 my and the amount of radio- 
activity were measured. The concentration of azathymine was calculated 
according to known specific activity. The observed optical density was 
corrected for its azathymine contribution (« 260 = 5500), after which the 
thymine content could be calculated from its known molecular extinction 
at 260 mu. The results are shown in Table III. 

An increase in the level of azathymine from 10 to 60 uwmoles per liter, in 
the media supplemented with thymine, resulted in an increase in the degree 
of inhibition of growth from 20 to 50 per cent as well as a small but repro- 
ducible increase in the amount of incorporation of azathymine into the 
DNA. When the level of the pyrimidine analogue was held constant (10 
umoles per liter) in a medium supplemented with PGA, the absence of exog- 
enous thymine had no effect on the amount of incorporation of azathymine 
into the DNA. Azathymine has been reported previously to be a competi- 
tive antagonist of thymine and a non-competitive antagonist of PGA for 
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the growth of S. faecalis (1). If a competition existed between thymine 
and azathymine for incorporation into the DNA, then one would have ex- 
pected a larger incoporation of the radioactive analogue under conditions 
of limiting endogenous thymine synthesis which presumably occur when the 
organism is grown in media supplemented with PGA. ‘These results sug- 
gest that azathymine is a competitive inhibitor of the utilization of thy- 
mine in a reaction not involved in the biosynthesis of the DNA molecule. 
Whether the biosynthesis of a coenzyme or the utilization of thymine for 
the synthesis of a non-DNA molecule is the ‘‘site” of inhibition remains to 
be determined. 

The small but definite increase in the degree of incorporation of azathy- 


TABLE IV 
Effect of Time of Addition of Azathymine on Viability of S. faecalis 


Time of azathymine addition 
Exposed to azathymine Before inoculation During logarithmic phase 
No azathymine Plus azathymine Plus azathymine 

hrs. colonies per ml. colonies per ml. colonies per ml. 

0 1.3 X 10° 3.3 X 10’ 2.4 X 10’ 
20 1.4 X 10? 1.3 X 10’ 

27 1 xX 10! 
35 1.2 X 10° 5.1 X 10° 1.3 X 10° 
49 6.2 X 10° 1.9 K 10° None 

69 3.8 X 10° 9.6 X 105 

94 8.0 & 105 1.2 X 105 


mine-5-C" into the DNA of the more inhibited culture would imply a 
causal relationship between inhibition and incorporation. However, this 
conclusion is not supported by the observations which show no differences 
in the amount of incorporation of azathymine into the DNA when the 
media were supplemented with PGA or thymine, or by experiments to be 
described below. 

Relationship between Incorporation of Azathymine into DNA of S. faecalis 
and Viability—The addition of azathymine or its deoxyriboside, either be- 
fore inoculation or during the logarithmic phase of growth of S. faecalis, 
resulted in inhibition of growth; however, loss of viability was observed 
only when the organisms were inhibited under the latter conditions (2) 
(Table IV). Azathymine added during the logarithmic phase of growth 
produced within a few hours a marked decrease in the viability of the cells 
and death of all organisms within about 49 hours; however, when the in- 
hibitor was added before inoculation, the rate of death followed that of the 
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control in which S. faecalis was grown in media deficient in thymine (3 
ymoles per liter). Even after 94 hours of incubation the number of or- 
ganisms in the culture which contained azathymine added prior to inocu- 
lation was in the same order as that of its control. 

A study was conducted of the relationship between viability and the in- 
corporation of azathymine into the DNA of S. faecalis, when the analogue 
was added before inoculation or during the logarithmic phase of growth. 


TABLE V 


Incorporation of 6-Azathymine-6-C' into DNA of S. faecalis When Analogue Was 
Added during Logarithmic Phase of Growth 


Experiment No. em Se of Per cent thymine replaced 
Klett units 
1 80 1.2 
2 137 None 
3 200 1.1 
TaBLe VI 


Effect of Time of Addition of Azathymine-5-C'4 on Its Incorporation into 
Various Fractions of S. faecalis 


Time of azathymine addition 
Fraction 
Before inoculation During exponential growth 
c.p.m. per gm.* c.p.m. per gm.* 

Acid-soluble....................- 225 780 

Ribonucleic acid................ 


* Wet weight. 


The addition of azathymine prior to inoculation resulted in a 12 to 18 per 
cent replacement of DNA-thymine (Table III); however, when added dur- 
ing exponential growth, the degree of replacement of thymine was reduced 
to 0.0 to 1.2 per cent (Table V). The incorporation of azathymine into the 
DNA of cells which were inhibited and rendered non-viable was usually 
less than 10 per cent of the amount found in cells which remained viable 
despite marked inhibition of their rate of growth. 

This study of C distribution was extended to other fractions of the cells 
which were grown under these two conditions. Azathymine (specific ac- 
tivity, 15,000 c.p.m. per umole) was added either before inoculation (30 
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umoles per liter) or during exponential growth (300 umoles per liter). The 
harvested cells were washed repeatedly with saline until the final superna- 
tant fraction contained no detectable radioactivity. The cells were fraction- 
ated by the procedure described above and the results are shown in Table 
VI. The acid-soluble fractions of the culture where inhibition and subse- 
quent total loss of viability occurred had a 3- to 5-fold greater concentration 
of radioactivity. Neither culture incorporated any radioactivity in the 
phospholipide or ribonucleic acid fractions. The culture inhibited during 
exponential growth incorporated into the DNA about 12 per cent of the 
amount of azathymine incorporated when the analogue was added prior to 
inoculation. Microscopic examination revealed no apparent differences in 
cell morphology between inhibited and non-inhibited cultures. The sig- 
nificance of the greater incorporation into the acid-soluble fraction is under 
investigation. 


DISCUSSION 


Although the precise mechanism of action of azathymine has not yet 
been elucidated, several possibilities (3) have been ruled out. Azathymine 
does not trap deoxyribose and in that manner prevent the biosynthesis of 
DNA; rather, it is converted to a more potent inhibitor, azathymine deoxy- 
riboside (3). The nucleoside formed not only inhibits, to a more marked 
degree, several strains of microorganisms (2), but is also as effective as 
Aminopterin in the inhibition of the utilization of formate-C" for the bio- 
synthesis in vitro of the methyl group of DNA-thymine by Ehrlich ascites 
tumor cells (17). However, the data presented in this paper do not sup- 
port the hypothesis that inhibition is a result of incorporation into the 
DNA of an unnatural base. Zamenhof and his co-workers (9) reached a 
similar conclusion from their studies on the incorporation of 5-bromouracil 
into the DNA of F£. coli. However, Matthews and Smith (18) have shown 
that tobacco mosaic virus and Bacterium coli were inhibited only when 
azapurines were incorporated into the nucleic acid. 

If the mechanism of action of azathymine or its deoxyriboside is not via 
incorporation into the DNA, then one must consider the possible inhibition 
of the formation of a coenzyme which contains a pyrimidine (thymine?) 
or of the formation of a non-DNA pyrimidine (thymine?) compound which 
is essential for the reproduction of the cell. Schneider has found that 
deoxycytidine and deoxyuridine are normally present in rat tissues (19), 
and Marshak and Marshak found acid-soluble thymine both in arbacia 
eggs and in sperm (20). Potter and Schlesinger (21) found mono-, di-, 
and triphosphate derivatives of deoxycytidine and thymidine in cold per- 
chloric acid extracts of calf thymus. Hence we see that pyrimidine deoxy- 
riboside derivatives of low molecular weight are normally present in a wide 
variety of living cells. Are all of these compounds merely on the pathway 
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of nucleic acid biosynthesis or do they represent essential coenzymes or 
precursors of non-DNA material importantly involved in the normal func- 
tions of the cell? One of the latter possibilities appears to be most at- 
tractive, and it is in these directions that the mechanism of action of aza- 
thymine and its deoxyriboside will be sought. 


SUMMARY 


§-Azathymine-5-C™ (6-methyl-as-triazine-3 ,5(2H ,4H)-dione-6-C™) was 
incorporated into the deoxypentose nucleic acid (DNA) of Streptococcus 
faecalis (ATCC 8043). There was a small increase in the amount of incor- 
poration of azathymine into the DNA of the more inhibited culture. The 
addition of azathymine or its deoxyriboside, azathymidine, either before in- 
oculation or during the logarithmic phase of growth of S. faecalis, resulted 
in inhibition of growth; however, death of all cells was observed only when 
the organisms were inhibited under the latter conditions. The addition of 
azathymine before inoculation resulted in a 12 to 18 per cent replacement of 
DNA thymine, whereas, when added during exponential growth, the degree 
of replacement of thymine was reduced to 0.0 to 1.2 per cent. It was con- 
cluded that death or inhibition of the growth of S. faecalis in media supple- 
mented with azathymine is not necessarily a result of incorporation of the 
unnatural base into the DNA. 


The author wishes to express his appreciation to Dr. A. D. Welch for his 
interest and encouragement in this work and to Miss Angela Scimone for 
her proficient technical assistance. 


Addendum—Recent experiments have shown that radioactive azathymine is in- 
corporated into the DNA of S. faecalis even when the latter is grown in the presence 
of non-inhibitory concentrations of this analogue. This finding provides additional 
evidence for a lack of correlation between incorporation into DNA and inhibition. 
Other observations bearing on the mechanism of action of azathymine are the urinary 
excretion of relatively large amounts of free uracil when this analogue is adminis- 
tered to the mouse, rat, guinea pig, or man, and the inhibition by azathymine of the 
enzymatic degradation of uracil by a particle-free extract of rat liver. Whether 
azathymine similarly affects enzymes concerned with the anabolic utilization of 
uracil or its derivatives and whether this type of inhibition also is involved in the 
mechanism of action of azathymine are now under investigation. 
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DISTRIBUTION OF METALS IN SUBCELLULAR 
FRACTIONS OF RAT LIVER* 
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The localization of various metabolic processes of cells in particulate and 
soluble intracellular components has been studied intensively (1-3). The 
effect of added metals on these processes has also received attention (4—13), 
but information on the metal content of the cell fractions is limited 
(14-16). 

The association of metals with proteins has been divided into two cate- 
gories on the basis of their properties. Metalloproteins, wherein the metal 
is combined firmly with the protein, can be purified as stable, chemical 
entities (17). Metal-protein complexes, in which the metal is loosely 
bound, are subject to characterization only with difficulty. Any one 
metal in tissue may simultaneously be a component of one or more metal- 
loproteins and metal-protein complexes, as well as being present in ionic 
form. The multiple role of metals has complicated the interpretation of 
analytical data from whole tissues. ‘The investigation of metal content 
of subcellular fractions obtained by differential centrifugation (18-21) 
assists in further delineation of the problem. Reproducible and charac- 
teristic patterns of metal concentration, if demonstrated in any fraction, 
provide presumptive evidence for the functional significance of the metals 
found. 

In the present study, emission spectrography has been adapted to the 
simultaneous determination of several metals in fractions from livers of 
normal rats. It has been found that each metal is reproducibly distributed 
among the fractions, and that each fraction shows a characteristic and 
significantly different pattern of metal concentration. 


Methods 


Solutions and Apparatus—Precautions were taken to prevent metallic 
contamination from solutions or apparatus. The 0.25 M sucrose was 
passed twice through a column of purified Dowex 50 cation exchange resin, 


* These studies were supported by a contract between the Office of Naval Re- 
search, Department of the Navy, and Harvard University, contract No. NR 119-277, 
and grants-in-aid from the National Institutes of Health and the Howard Hughes 
Medical Institute. 
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after which it contained no significant amount of metal except aluminum; 
this element is therefore not reported in this study. All apparatus was 
soaked in mixed nitric and sulfuric acid cleaning fluid, and washed six times 
with ion exchange column water (specific conductivity <1 X 10-® mho), 
Platinum dishes were treated with fused sodium bisulfate, soaked in dilute 
hydrochloric acid, and washed with water from the column. Samples were 
stored in polyethylene bottles throughout. 

Analytical: Metals—Samples of each fraction and subfraction were 
weighed into clean platinum dishes, dried under infrared lamps, and ashed 
at 450° + 10° in a quartz-lined electric muffle furnace for 24 hours. Care 
was taken to prevent contamination from air-borne dust during handling. 
The spectrographic method has been described (17). Sodium and potas- 
sium were determined with a direct reading flame spectrometer (22).  Al- 
iquots of the stored samples were ashed and analyzed for copper by a 
spectrophotometric method (23). 

Nitrogen—Aliquot samples were taken of each fraction and subfraction 
throughout the procedure and were stored at — 10° in tightly capped poly- 
ethylene bottles. Nitrogen was determined by Kjeldahl microdigestion 
and a Conway microdiffusion procedure (24). 

Procedure—Healthy young adult male rats of the Hisaw strain were 
killed by decapitation. The livers were perfused immediately through the 
portal vein with a solution of 0.25 m sucrose at 4°. Twenty-five rats 
were killed in groups of five, and the livers from each group were pooled. 
Fractionations of the pooled livers and analyses of the fractions were 
carried out on each group of five. For each element in each fraction, 
the average of the five groups represents the mean value for the twenty- 
five rats. The standard deviation of the five data divided by the square 
root of 5 provides an estimate of the standard error of the mean. 

The combined livers of five rats were weighed and cut into about thirty 
pieces with chromium-plated scissors. Five of the pieces, chosen at ran- 
dom, were analyzed to represent the ‘‘whole liver.”” The remainder of 
the livers was forced through a stainless steel tissue press with 1 mm. 
diameter holes, and the pulp was exuded into 0.25 m sucrose. The fibers 
of connective tissue were washed with 0.25 m sucrose to remove adherent 
tissue. The pulp was diluted with 0.25 m sucrose and homogenized in an 
acid-cleaned Potter-Elvehjem homogenizer. Fractionation was carried 
out according to the method of Hogeboom, Schneider, and Pallade (21) 
without modification. | 

The ash weight of each fraction in the reconstituted total liver was cal- 
culated from the ash weights of the samples taken, and, from these values 
and the amount of nitrogen per gm. of ash weight, the total amount of 
nitrogen in each fraction was obtained. The metal concentrations, in 
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micrograms of metal per gm. of nitrogen, were calculated from the spec- 
trochemical and nitrogen data on the individual samples. 

The possible loss of metal from the particles under the conditions of the 
fractionation procedure was also determined. Samples of mitochondria 
were washed by repeated suspension in metal-free 0.25 mM sucrose at 4° 
followed by recentrifugation. After each centrifugation, aliquots of both 
the mitochondria and the supernatant fluid were analyzed for metals and 
nitrogen. 


Results 


The total weight of nitrogen, of inorganic ash, and of each metal in whole 
liver is shown in Table I as is their distribution among the fractions. From 
these data, the weight of each element in each fraction can be calculated. 

The concentration of each element in each fraction is shown in Table IT. 
The mean values and their standard errors are given in mg. of metal per 
gm. of nitrogen. The metals that were sought but not detected spec- 
trographically are Li, Rb, Cs, Ag, Be, Sr, Ba, Ti, Bi, Cr, Mo, V, Co, and 
Ni. Cd and Hg would not have been detected if present, because of the 
dry ashing procedure used. 

The results of duplicate analyses of mitochondria, washed with 0.25 m 
sucrose, are given in Table III in micrograms per gm. of fresh weight. The 
amounts of metals and nitrogen removed by washing do not significantly 
change the metal content of the particulate fraction (15, 16, 25-27). 

Fig. 1 presents the percentage in each fraction of the total amount of 
each metal in the whole liver divided by the percentage of the total liver 
nitrogen in the same fraction. The width of each bar is proportional to 
the amount of nitrogen in the fraction. This information, which compares 
directly with the “relative specific activity”’ of deDuve et al. (2), represents 
the share of any metal in each fraction, compared to its share of nitrogen. 

The relatively high precision of ash weights makes them most suitable 
as the basis for calculations which reconstruct total fraction weights. The 
ratio of the ash weights of the five pooled liver samples to their respective 
wet weights, for example, was in this order: 1.22, 1.23, 1.23, 1.16, and 1.27 
per cent. The ash weights of the reconstituted nuclei plus whole cell resi- 
due fractions were, respectively, 0.40, 0.35, 0.37, 0.39, and 0.38 per cent of 
the whole liver weights. 

Each metal exhibits a characteristic pattern of distribution among the 
fractions (Fig. 1). On a nitrogen basis, the relative proportion of manga- 
nese is greatest in the nuclei (1.6) and mitochondria (1.3) and smallest in 
the soluble fraction (0.10). Conversely, that of iron is lowest in the 
nuclei (0.56) and highest in the soluble fraction (1.7). The complementary 
distribution of iron and manganese is shown in Yig. 2; the relative pro- 
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TABLE I 
Total Weight and Percentage Distribution of Nitrogen, Total Ash, and Eight Metals 
in Rat Liver Fractions 
( 
In- 
N omer Cu Mn Zn Ca Fe Mg Na K 
Total weight in whole liver, 7 per gm. fresh perfused tissue 

Mean......... 19,800 12,000 1.3 | 15 17.4 | 22.0 160 270 | 2900 
+ standard 
error...... +2,600 +200 +0.47 +£0.15 +1.3 +5.1 42.2 | +19 | +14 |\+180 
Distribution in fractions, per cent 
Connective 

tissue....... 5.3 2.8; 2.2/1 2.1] 2.4; 4.2) 2.2] 2.0] 2.21 2.0 
Nuclei and ] 

whole cell 

residue...... 43.9 | 37.4 | 20.3 | 68.8 | 37.2 | 45.0 | 24.4 | 47.8 | 25.8 | 29.0 
Mitochondria..| 12.4 5.1} 8.2 | 15.1 4.6 | 28.2 | 11.2] 17.4 | 2.7] 7.8 

Microsomes...) 10.7 7.3 5.0!) 6.4; 12.9 | 11.9 15.0 138.7 3.2) 2.8 

Supernatant...| 27.7 47.5 | 64.3, 7.5 | 43.2 | 10.7 | 47.1 | 19.2 | 66.1 | 58.0 


The sum of the fractions = the whole liver reconstituted = 100 +0.5 per cent. 


Tasie II 
Metals in Liver Cell Fractions; Mean Concentrations and Standard Errors of Mean 
for Twenty-five Normal Rats 
The values are measured in mg. per gm. of nitrogen. 
Fraction Na K Mg Ca Zn Fe Mn Cu a 
Whole liver..... 14 150 8.5 0.99 0.78 1.4 0.069 0.26 
+1.9 +17 | 1.1 | 0.35 | 40.04 | 40.3 | 40.011 | 40.05 
Connective tis- 
4.6 39 3.8 1.0 0.80 1.1 0.036 0.14 
+1.4; +9 | +1.0 | +0.09 | +0.17 | 40.15 | 40.007 | +0.01 
Nuclei and cell \ 
residue...... 6.5 71 8.4 1.3 1.1 1.3 0.130 0.086 we 
+0.6 +9 +0.8 | 0.17 | 40.20 | 40.13 | 0.010 | 40.02 ‘ 
Mitochondria...| 2.2 67 | 10.3 2.7 0.35 2.1 0.099 0.16 
+0.5 | +19 | | | 40.07 | 0.37 | 40.014 +0.05 
Microsomes. ... 5.3 29 9.9 1.4 1.4 3.3 0.048 0.12 
+1.8) +4 | 41.1 | 40.17 | +0.28 | 40.56 | 40.007 | 40.05 
Clear super- 
natant........| 25 230; 5.3! 0.50| 1.7 4.0 0.020} 0.56 
+1.6 +14 | | 40.12 | +0.08 | 40.50 | +0.003 | +0.04 


of duplicate runs. 


TaBLeE III 
Metal Retention by Mitochondria during Repeated Washings with 0.25 m Sucrose at 4° 
The values are measured in micrograms per gm. of fresh weight; the averages are 


R. E. THIERS AND B. L. VALLEE 


915 


ist wash 2nd wash 3rd wash 
Metal 

Particles Liquid Particles Liquid Particles Liquid 
1.6 | <0.01 1.2 | <0.02 1.4 <0.01 
Ca. 31 0.1 25 <0.01 26 <0.1 
20 1.2 19 <0.1 18 <0.1 
$l 0.9 66 0.2 67 0.4 
20 2.9 21 0.9 7.1* 0.4 
180 13 160 4.8 195 2.1 
21,000 200 25, 000 45 25, 000 1000 

Wash liquid per gm. 

4 ml. 6 ml. 13 ml. 


The quantity taken for analysis was insufficient for determination of Zn and Cu. 
The probable errors of the tabulated values average about 20 per cent of the value. 
* Unexplained discrepancy. 
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Fig. 1. Sodium, potassium, magnesium, calcium, zinc, iron, manganese, and cop- 


per in fractions of rat liver. 


The height of each bar represents the metal content of 


each fraction, expressed as a percentage of the total content of that metal in liver, 
This normalization allows direct com- 


divided by the same parameter for nitrogen. 
parison between different fractions and metals. 


the nitrogen content of the fraction. 


The width of each bar represents 
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916 METALS IN SUBCELLULAR FRACTIONS 
portions of both elements are plotted together. The sum of the two is 
constant, within the error of the method, in all the fractions except con- 


nective tissue. 

The relative proportion of zinc is low in the mitochondria (0.31) and high 
in the supernatant fluid (1.6). The mitochondria contain a large relative 
share of the calcium (2.2) and the soluble fraction contains a small one 
(0.38). The proportion of magnesium is also highest in mitochondria. 
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Fic. 2. Iron and manganese content of subcellular fractions. The ratio of the 
percentage of manganese to that of nitrogen is plotted on the left ordinate and the 
ratio of the percentage of iron to that of nitrogen on the right ordinate, in inverted 
fashion. These data demonstrate a complementary relationship between the two 
clements (see the text). 


Relative concentrations of sodium, potassium, and copper are very low in 
the particulate fractions (Na, 0.2 to 0.6; K,0.3 to 0.7; Cu, 0.5 to 0.7), espe- 
cially in the mitochondria and microsomes, and are very high in the soluble 
fraction (2.4, 2.1, 2.5). In contrast to manganese and iron, sodium and 
potassium show a parallel distribution. 

Determinations of the volumes of the mitochondrial pellets analyzed 
provided the following estimated molarities of metal in mitochondria: 
Kk, 4 mm; Na, 0.9 mm; Mg, 3 ma; Ca, 0.8 mM; Fe, 0.4 mu; Mn, 0.03 mm; 
Zn, 0.1 mm; Cu, 0.05 mn. 

The mitochondria analyzed were viable, as indicated by measurements 
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of their respiration with succinic acid as the substrate and hexokinase as 
the acceptor system. 
DISCUSSION 

The coefficient of variation for individual results in the spectrochemical 
method is about 0.10 for the more abundant metals and up to 0.25 for 
those occurring in low concentrations. The coefficient of variation in the 
flame method and the nitrogen determination is about 0.05. The varia- 
tion of the material analyzed combined with that of the analytical methods 
resulted in a standard error for most means which was about 10 per cent 
of the value of the mean. 

Fractionation by differential centrifugation produces fractions which 
may not be completely homogeneous. Additional criteria for the assess- 
ment of the purity of such preparations or for differentiating between the 
results of different fractionation procedures would be of great value. 


TaBLe IV 
Metals Found in Connective Tissue 
The values are measured in micrograms per gm. of nitrogen. 


Ca kK | Na | Me Zn Fe Mn 
As separated...... 1.5 72 | 8 2.9 0.8 | 1.6 0.05 
Washed 3 times...| 1.3 ie & 1.6 <0.4 0.6 | <0.004 


The patterns of metal distribution in each fraction are consistent, repro- 
ducible, and characteristic. The connective tissue fraction of rat liver 
contains little metal. There is no pattern of metal distribution discernible 
(Fig. 1 and Table I). This fraction contains the same share of all metals 
except calcium, suggesting that metals are present adventitiously, due to 
contamination with parenchymal tissue. Table IV shows that the re- 
moval of adherent tissue resulted in relatively complete elimination of 
all metals except calcium. 

The nuclei and whole cell residue is known to be a conglomerate frac- 
tion and to contain many mitochondria. Many workers have obtained 
a lower yield of this residue (2, 15, 18, 28) and a higher yield of mitochon- 
dria than was obtained in these experiments. This may indicate mito- 
chondrial contamination of the nuclear fraction. Photomicrographs dem- 
onstrated the presence of whole cells and mitochondria in the nuclear 
fraction. This may also account for the high ash, nitrogen, and protein 
content of this fraction (Table I) and the relatively large amounts of 
manganese, calcium, and magnesium. 
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Mitochondria contain high concentrations of magnesium, calcium, and t 
manganese relative to nitrogen and compared to the other fractions (Fig. i 
1 and Table II). The molarity of the first two metals appears to be about 
3 X 10°* and 0.8 X respectively, and, of the last, 3 10-5. Cal- 
cium added to the suspending medium at a concentration of 10-* m has t 
been found to inhibit mitochondrial respiration, and this effect was re- \ 
versed by 5 X 10-4 m manganese (10). Latent adenosinetriphosphatase I 

TABLE V f 
Comparison of Data t 
\ 

Element Tissue No. of data | Value, mg. metal per gm. N oe 

K Whole liver 2 187, 198 15 
“cc 5 150 + 17 
Na 2 65, 60 15 
5 14 + 1.9 
K Mitochondria 2 72, 82 15 f 
15 20 .3-30.9 16 
5 67 + 19 
Na ae 2 12.2, 16.1 15 
15 3.0-6.9 16 
5 2.2 + 0.5 ° ( 
Ca ” 15 2.4-8.4 16 
5 2.7 + 0.16 
Mg “ 15 3.1-7.8 16 
9.8-16.4 14 | 
5 10.3 + 1.0 
Ca Homogenate 5 1.39-2.78 28 
5 0.99 + 0.35 
Mg “ 5 6.6-8.4 28 
5 8.5 + 1.1 ° 


* This report. | 


activity in resting mitochondria has been enhanced by adjusting the mo- 
larity of the suspending medium to 2 X 10-* mM in magnesium and 0.5 X 
10-* m in calcium (6, 7). 

The soluble fraction is very high in the alkalies but quite low in calcium 
and manganese. The pattern of metal concentrations in the particulate 
fractions is in sharp contrast to that in the soluble fraction. In both cases, 
potassium is the major element, but in the soluble fraction its concentra- 
tion is 10 times that of the next most abundant element, sodium. In the 
microsomes, however, potassium is only 3 times as concentrated as the 
next element, which is not sodium but magnesium. In mitochondria, the 
potassium concentration is 30 times the sodium value and only 7 times 
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that of magnesium. Potassium has been shown to be necessary for max- 
imal rates of mitochondrial respiration (5, 8, 15). 

The expression of metal concentrations in tissues is rendered difficult 
by lack of any base line with inherent justification. Concentrations have 
been expressed according to nitrogen values and on estimated fraction 
volumes to allow comparison with previous work. The most precise data 
resulted from use of a base line of ash weights which have no present bio- 
chemical meaning. The distributions of nitrogen and ash weight among 
fractions were significantly different (Table I). The calculated sums of 
the metals recovered in each fraction agreed well with the analysis of the 
whole liver. 

A comparison of the data reported herewith from other workers who 
have determined metals in liver fractions shows that considerable simi- 
larity exists (Table V). Differences in sodium concentrations may be due 
to perfusion, which was used in this work. 

Correlation of these data on the metals with the distribution of enzymes 
found in the liver fractions might lead to the detection of metalloenzymes 
or metal-enzyme complexes. Although far more is unknown than is known 
about the existence and distribution of the metalloproteins, the intracellu- 
lar distribution of the known zinc, copper, and iron metalloproteins is in 
qualitative agreement with the metal data of this study (2, 3, 29-34). 

Fractionations and analyses as described have been carried out three 
times over the course of 2 years. No statistically significant variations 
from the data here reported have been encountered. 


SUMMARY 


A pattern of metal distribution in the subcellular fractions of normal 
rat livers as separated by a standard technique is delineated. The pat- 
tern has been found characteristic and reproducible for each metal, and 
in one homogeneous rat population it does not vary with time. Iron and 
manganese have been found in complementary distribution. Sodium and 
potassium parallel one another. The metal content of the fractions cor- 
relates with present knowledge of the distribution of metalloenzymes. 


The authors are indebted to A. F. Bartholomay for counsel in the sta- 
tistical aspects of this research and to Miss Martha E. Quinn for technical 
assistance, 
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ON THE CONVERSION OF SQUALENE TO 
LANOSTEROL IN) VITRO* 


By T. T. TCHEN ann KONRAD BLOCH 


(From the Converse Memorial Chemical Laboratory, Harvard University, 
Cambridge, Massachusetts ) 


(Received for publication, November 12, 1956) 


Investigations in this laboratory have been concerned for some time 
with the squalene-steroid transformation. The conversion of squalene and 
lanosterol to cholesterol (1-3) has been established and it has been inferred 
from these results that lanosterol is an early product of squalene cycliza- 
tion. That this transformation must be relatively direct is suggested by 
the close relationship of the two structures. For the detailed study of 
this transformation it was considered desirable to separate the cyclization 
process from the numerous other reactions in the biogenesis of cholesterol. 
Conditions have now been established for the formation and the accumula- 
tion of lanosterol from squalene in liver homogenates. Some of the prop- 
erties of these preparations are described in this paper. Brief accounts of 
part of this work have appeared previously (4). 


Material and Methods 


C'-labeled squalene was prepared biosynthetically as previously de- 
scribed (5) and stored at —20° in petroleum ether (30—60°) solution. For 
incubation, the squalene, after removal of the solvent under a stream of 
nitrogen, was dissolved in a small volume of acetone (less than 0.1 ml. 
per 1 mg.) and added with a dropper or with a micropipette to 1 to 2 ml. 
of liver homogenate or to the supernatant fluid which was obtained by 
centrifugation of homogenates for 40 minutes at 144,000 X 4g. 

The isolation of the non-saponifiable material and the separation of the 
total steroid fraction from squalene and of lanosterol from cholesterol have 
been reported previously (5). All incubations were carried out in a Dub- 
noff shaker at 38° and in open flasks unless otherwise stated. DPN and 
TPN were obtained! from the Pabst Laboratories. Glucose-6-phosphate 
dehydrogenase was purchased from the Sigma Chemical Company and 
alcohol dehydrogenase from the Nutritional Biochemicals Corporation. 


* Supported by grants-in-aid from the National Science Foundation, the Life 
Insurance Medical Research Fund, and the Eugene Higgins Trust Fund of Harvard 
University. 

1The following abbreviations are used: DPN, diphosphopyridine nucleotide, 
TPN, triphosphopyridine nucleotide, and G6P, glucose 6-phosphate. 
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All radioactive fractions were counted as infinitely thin samples in a gas 
flow counter. The experimental results are expressed as total counts per 
minute except when stated otherwise. 


EXPERIMENTAL 

Attempted Solubilization of Cyclizing Enzyme 
Rat liver homogenates were prepared according to Bucher with a loose 
fitting Potter-Elvehjem homogenizer (6). The particulate fraction con- 


taining both mitochondria and microsomes was separated by centrifuga- 
tion for 40 minutes at 144,000 X g in the Spinco preparative ultracentri- 


TABLE I 
Steroid Formation from Squalene in Rat Liver Fractions and in Soluble Preparation 


Microsomes + Microsomal extract + 
supernatant supernatant 


3 4 


C.p.m c.p.m c.p.m c.p.m 
C™-Squalene added........................ 5700 5700 11,400 | 11,400 
2400 2380 2,200 3,040 
wed 62 72 145 133 


In Experiments 1 and 2, 13.5 ml. of microsomes equivalent to 40 ml. of homogenate 
and suspended in supernatant fluid were used. In Experiments 3 and 4, 22.5 ml. of 
supernatant fluid with a sonic extract of microsomes (equivalent to 95 ml. of ho- 
mogenate) were employed. 6.5 mg. of DPN were added in Experiments 1 and 3; 
none was added in Experiments 2 and 4. The incubation was carried out at 38° for 
3 hours. 


fuge. The supernatant fluid was removed with a syringe. It was found 
that, for optimal conversion of squalene to lanosterol, both the particulate 
fraction and the supernatant fluid were required. Attempts to render 
soluble the enzymes from the particulate fraction by various methods 
(freezing and thawing, treatment with deoxycholate, ribonuclease, or ace- 
tone) gave negative or irreproducible results. However, an active prep- 
aration was obtained by exposure to ultrasonic oscillations. For this 
purpose, the particulate fraction was resuspended in a small volume of su- 
pernatant fluid and subjected to ultrasonic oscillation (9 ke.) for 15 seconds. 
The preparation was centrifuged again for 40 minutes at 144,000 X g and 
the supernatant fluid was removed with a syringe. The results obtained 
on incubation of squalene with this non-sedimentable fraction are sum- 
marized in Table I. The steroids were isolated by chromatography and 
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the cholesterol from Experiment 1 and the lanosterol from Experiment 3 
were recrystallized after the addition of carrier. The specific activity of 
cholesterol on successive recrystallizations was 17.7, 18.2, 23.0, and 18.0 
¢.p.m. per mg. and that of lanosterol, 8.7, 10.7, 9.5, and 11.5 ¢.p.m. per 
mg. Cholesterol was also purified via the dibromide with no loss of activ- 
ity. 
The particulate fraction, in combination with the supernatant fluid, 
converts squalene efficiently to steroids which consist of mainly cholesterol 
and little lanosterol. The “lysed particle” preparation, on the other hand, 
accumulates lanosterol. The yield of steroid with these preparations 
varied from 2 to 5 per cent of that obtained with intact particles. In 
these preparations the addition or omission of DPN has little effect on 
either the nature or the quantity of steroid formed. This contrasts with 
the DPN-dependent formation of cholesterol from acetate by whole ho- 
mogenates (7). Acetate is not incorporated into non-saponifiable material 
on incubation with this “lysed particle’ preparation. 


Waring Blendor Homogenates 


Since the conversion of squalene to steroids, as described in the pre- 
ceding paragraph, shows rather marked independence of DPN, it was 
reasoned that Waring blendor homogenates, which are known to contain 
DPNase, might still be able to catalyze this phase of the biosynthesis of 
cholesterol. Rat livers were homogenized with 2 volumes of ice-cold 0.1 
M phosphate buffer, pH 7.4, for 20 seconds in a Waring blendor. The cell 
debris and nuclei were removed by centrifugation for 10 minutes at 700 * g 
and the supernatant fluid was decanted. While this homogenate is in- 
capable of converting acetate to steroids, it can still catalyze the cycliza- 
tion of squalene. These results and the effects of pyridine nucleotides 
and nicotinamide on the conversion are shown in Table II. The identity 
of lanosterol was established by cochromatography and recrystallization 
with carrier lanosterol. 


Further Characterization of Lanosterol 


It has been shown that the “lanosterol’”’ formed from radioactive acetate 
by rat liver homogenate in the presence of carrier “‘isocholesterol” con- 
tained a few per cent of radioactive agnosterol (8). Since agnosterol is 
very difficult to separate from Janosterol by recrystallization, more rigorous 
proof of the identity of the biosynthetic lanosterol was sought. For this 
purpose, a large scale experiment was carried out with liver tissue from 
twenty 100 gm. rats and, as substrate, 60 mg. of squalene with a specific 
activity of 2800 ¢.p.m. per mg. (Experiment 1, Table 1, in the following 
paper). Lanosterol was separated from squalene and cholesterol by chro- 
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matography on alumina. The amount of lanosterol formed was calculated 


from the radioactivity in this fraction (12,000 ¢.p.m. or 4.47 mg.). A few 


mg. of carrier lanosterol were added to give a total of 14.1 mg. of lanosterol 
containing 31.7 per cent of biosynthesized lanosterol. Recrystallization 
from methanol-dichloromethane gave 11.1 mg. of lanosterol of the same 
specific activity as the starting material. 12 mg. of this recrystallized 
lanosterol were dissolved in pure hexane and the optical density at 244 mg 
was determined. The sample was found to have an extinction coefficient 
(Ee44 = 174) identical with that of a pure sample of lanosterol obtained 
from yeast (Ho, = 170), indicating that the biosynthesized lanosterol 
contained no measurable amount of agnosterol (4244 = 17,000). Another 


TABLE II 


Effect of Coenzymes on Steroid Formation from Squalene in Waring Blendor 
Homogenates of Rat Liver 


| Nicotinamide added Nicotinamide added after | Nicotinamide 
_ before homogenization homogenization | omitted 
+DPN | —DPN | +DPN | +TPN | —DPN —~DPN 
Steroid, % of recovered — | | | 
radioactivity. ....... 74.0 54.6 74.2 | 85.6 | 58.2 18.8 
Ratio, | 0.19 | 0.10 | 10 | 2 
cholesterol | | | 


The flasks 3 O mil. of Waring blender 30 mg. of nicotinam- 
ide (if present), 1 mg. of DPN or TPN (if present), and 2000 ¢.p.m. of carrier-free 
C'4-_labeled squalene in a total volume of 4.0 ml. The incubation was carried out at 


38° for 3 hours. The total recovery of radioactivity added was about 60 per cent. 


sample of recrystallized lanosterol was further diluted with carrier lanos- 
terol and treated with OsO, (8). The lanostene-3 ,24,25-triol was sepa- 
rated from unreacted lanosterol by chromatography and found to have 
the same specific activity (71 ¢.p.m. per mg. of carbon) as the starting 
lanosterol. 


Studies with Hog Liver Homogenate 


As a more convenient source of the enzyme, fresh hog liver obtained 
from the slaughterhouse was chilled in ice and homogenized in a Waring 
blendor with 2 volumes of ice-cold phosphate buffer (0.1 M, pH 7.4). The 
homogenate obtained after centrifuging for 10 minutes at 700 & g was 
centrifuged again for 60 minutes at 105,000 X g in the preparative Spinco 
ultracentrifuge. The supernatant fluid was removed with a syringe and 
frozen in 10 ml. aliquots. The particles were resuspended in 0.1 mM phos- 
phate buffer and recentrifuged for 60 minutes at 105,000 & g. The super- 
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natant fluid was removed and discarded. The particles were resuspended 
in a small volume of phosphate buffer (total volume = one-fourth that of 
original homogenate) and frozen in 10 ml. aliquots. The supernatant 
fluid and the particles were kept at —20° for a period of several weeks 
without appreciable loss of activity. These preparations were used for 
the general characterization of the squalene cyclization system. In con- 
trast to the rat liver homogenates, these preparations do not metabolize 
squalene beyond the lanosterol stage. 


SQUALENE CONVERTED 


60 120 
TIME IN MINUTES 
Fig. 1. Rate of cyclization of squalene. Each flask contained 2 ml. of a suspension 
of particles, 2 ml. of supernatant fluid, 40 mg. of nicotinamide, 0.5 mg. of DPN, and 


500 7 of C'-squalene (5000 ¢.p.m. per mg.) in a total volume of 5 ml. of 0.1 mM phos- 
phate buffer, pH 7.4. The incubation was carried out in air at 37°. 


Rate of Cyclization of Squalene 


When squalene was incubated with 2 ml. of particles and an equal volume 
of supernatant fluid, approximately 4 to 11 y of squalene were converted 
to sterol per hour. An approximately constant rate was maintained for 
at least 3 hours (Fig. 1). 


Requirement for Both Particulate Fraction and Supernatant Fluid 


With a constant volume of supernatant fluid and an excess of substrate 
the amounts of squalene converted to sterol are dependent on the quantity 
of particles, as shown in Fig. 2. The analogous results with a constant 
volume of particles and varying amounts of supernatant fluid are presented 
in Fig. 3. 


Nucleotide Requirement 


The crude homogenate was stimulated by the addition of nicotinamide, 
DPN, or TPN, but did not show an absolute requirement for the pyridine 
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nucleotides. When the particles were washed three times with phosphate 
buffer and the supernatant fluid was dialyzed extensively (24 hours), the 
activity was lost and could not be restored by the addition of DPN or 
TPN. Addition of alcohol dehydrogenase, together with alcohol and 
DPN, or of glucose 6-phosphate with glucose-6-phosphate dehydrogenase 
and TPN, reactivates the system, the TPNH-generating system being 
considerably more active than the DPNH-generating system. Results of 
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Fig. 2 Fia. 3 


Fic. 2. Dependence of squalene cyclization on the particulate fraction of liver 
homogenate. Each flask contained 1 ml. of supernatant fluid, 40 mg. of nicotin- 
amide, 0.5 mg. of DPN, 500 y of C'4-squalene (5000 c.p.m. per mg.), and amounts of 
particles as indicated in a total volume of 5 ml. of 0.1 Mm phosphate buffer, pH 7.4. 
The incubation was carried out in air for 3 hours at 37°. 

Fic. 3. Dependence of squalene cyclization on the supernatant fluid of liver 
homogenate. Each flask contained 1 ml. of particles, 40 mg. of nicotinamide, 0.5 
mg. of DPN, 500 y of C™-squalene (5000 c.p.m. per mg.), and supernatant fluid as 
indicated. The incubation was carried out in air for 3 hours at 37°. 


typical experiments are shown in Table III. These incubations were 
carried out for 3 hours at 38° in stoppered Erlenmeyer flasks in the pres- 
ence of 0.001 m KCN. At this concentration, KCN does not inhibit the 
squalene-oxidocyclase system but inhibits cytochrome oxidase and thus 
reduces the rate of oxidation of reduced pyridine nucleotides. 


Requirement of Oxygen 


1 mg. of squalene (10,000 c.p.m.) was suspended in 1 ml. of liver super- 
natant fluid and placed in the top compartment of a Thunberg tube. 2 
ml. of homogenate were placed in the main compartment. The tube was 
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evacuated and flushed with helium three times and finally filled with he- 
lium. The suspension of squalene was mixed with the homogenate and 
incubated for 3 hours. Saponification, extraction, and chromatography 
were carried out in the usual manner and revealed no formation of any 
appreciable amount of steroid (less than 10 c.p.m.). 


TABLE ITI 
Effect of Reduced Pyridine Nucleotides on Squalene-Steroid Conversion 


DPN 
° TPN, G6P 
alcohol, + ’ 
DPN + | “alcohol |TPN+ Gop} GOP | None 
alcohol dehydro- dehydro 
genase genase 
Steroid formed................... 2.4 10.6 3 30.6 1 


Each flask contained 2.0 ml. of frozen, three times washed particles, 20 ml. of di- 
alyzed supernatant liquid from hog liver, 40 mg. of nicotinamide, and 500 y of C1*- 
labeled squalene (5000 c.p.m. per mg.) in a total volume of 5.0 ml. in 0.1 m phosphate 
buffer, pH 7.4, and 0.001m KCN. The cofactors were added in the following quanti- 
ties: DPN and TPN, 1 mg.; alcohol, 0.05 ml.; glucose 6-phosphate, 20 umoles; alco- 
hol dehydrogenase, 10 ul. (suspension in ammonium sulfate), and glucose-6-phos- 
phate dehydrogenase, 1 mg. 


TABLE IV 
Effect of Chelating Agents on Cyclization of Squalene 
- | a,a’-Dipy- 
KCN | “ihroline | “tidy!” | None 
wil 16.9 16.4 25.8 31.6 


1 ml. of frozen particles was preincubated for 3 hours at 4° with 1 ml. of 0.02 m 
solution of the chelating agents used. 1 ml. of frozen supernatant liquid, 20 mg. of 
nicotinamide, 1 mg. of DPN, and 500 y of C'4-labeled squalene (5000 c.p.m. per mg.) 
were added. The flasks were stoppered and incubated for 3 hours at 38°. 


Heavy Metal Complex-Forming Agents 


In order to test whether metal ions participate in this conversion, the 
effect of complex-forming agents on the system was examined. The en- 
zymatic activity is partially inhibited by preincubation with o-phenanthro- 
line or cyanide. Versene (0.01 M) and a,a’-dipyridyl have no effect (Table 
IV). 


DISCUSSION 


The purpose of this work, apart from substantiating the previous results 
which indicated lanosterol as an intermediate in cholesterol biogenesis 
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(1-3, 8), was to isolate a suitable system for studying the mechanism of 
the squalene-lanosterol transformation. This goal has been achieved by 
the preparation of a liver system which converts squalene to lanosterol 
as the sole product. 

Attempts to render soluble the enzymes associated with the particulate 
fraction of liver homogenates yielded a preparation which metabolizes 
squalene to lanosterol but no further. However, the activity was too 
weak to encourage further fractionation. During these investigations it 
was observed that this soluble system was rather insensitive to the addition 
or omission of pyridine nucleotide, in contrast to the formation of choles- 
terol from acetate. Active preparations for the incorporation of acetate 
have so far been obtained only by homogenizing liver with a loose fitting 
Potter-Elvehjem homogenizer and such homogenates are stimulated by 
DPN and nicotinamide (6, 7). If liver is homogenized with a Waring 
blendor, activity for the conversion of acetate to cholesterol is lost and 
not regained by addition of DPN. This is probably due to the destruction 
of DPN by DPNase released into solution by the rupture of the red blood 
corpuscles, which is caused by the more drastic action of the Waring blen- 
dor. Since the ultrasonically treated preparations of particles were not 
affected by DPN addition or omission, it was reasoned that homogenates 
prepared with the Waring blendor might still be able to catalyze the later 
phases of steroid biogenesis, 7.e. the conversion of squalene to steroids. 
This was, indeed, found to be the case. Waring blendor homogenates of 
rat liver are not only capable of converting squalene to steroids, but 
also can be controlled to form either lanosterol or cholesterol or both. 
If both nicotinamide and pyridine nucleotides were present, squalene was 
converted to cholesterol without accumulation of lanosterol. If DPN is 
not added, but the endogenous DPN protected from the action of DPNase 
by the presence of nicotinamide during homogenization, a mixture of 
cholesterol and lanosterol is obtained. If homogenization is carried out 
in the absence of cofactors and nicotinamide added just prior to incubation, 
lanosterol alone is accumulated. If neither DPN nor nicotinamide is 
added at any time, the yield of steroid is greatly reduced. All these re- 
sults can best be explained as reflecting a varying degree of sensitivity of 
the acetate-squalene, squalene-lanosterol, and lanosterol-cholesterol con- 
versions to the DPN concentration in the medium. Fortunately, for the 
present purposes, the squalene-lanosterol conversion appears to require 
the lowest DPN concentration in the medium and proceeds at a good rate 
when the other processes are no longer in operation. It has thus been 
possible to study the cevelization process in the absence of other complicat- 
ing reactions and this has made possible the mechanism studies presented 
in the following paper. 
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As to the intracellular location of the enzymes, the results of the present 
experiments indicate that both the particulate fraction and the super- 
natant fluid obtained from homogenates by centrifugation for 40 minutes 
at 144,000 X g are required for activity. Mitochondria and microsomes, 
separated according to Hogeboom et al. (9), were both active if supple- 
mented with the supernatant fluid. Since there is little doubt that the 
microsomes, as commonly prepared, are free of mitochondria, it can be 
stated that the microsomes contain the squalene-cyclizing enzymes. The 
mitochondria, on the other hand, are ordinarily contaminated with micro- 
somes and hence the activity of mitochondria for the present reaction 
remains in doubt. From the work of Bucher and McGarrahan (10), it 
appears that the microsomes, rather than the mitochondria, are the req- 
uisite particulate component for the acetate-cholesterol transformation. 
For the purposes of the present investigation, it was considered unnecessary 
to separate the microsomes from the mitochondria. 

As a large scale source of enzyme, hog liver was found to be efficient and 
more convenient than rat liver. Waring blendor homogenates of hog 
liver, in contrast to those of rat liver, cannot convert squalene beyond the 
lanosterol stage. With the crude homogenates both DPN and TPN stim- 
ulate the squalene cyclization. However, thoroughly washed particles 
recombined with dialyzed supernatant fluid show an absolute dependence 
on reduced pyridine nucleotides, TPNH being more effective than DPNH 
(Table ITT). 

The formation of lanosterol from squalene has been established as an 
aerobic process. A similar requirement for reduced pyridine nucleotides 
has been observed in many of the hydroxylation reactions with molecular 
oxygen discovered in recent years (11-17). Studies with chelating agents 
suggest the participation of heavy metal ions. The role of TPNH and 
metal ions in this process will be discussed elsewhere. 


SUMMARY 


The conversion of squalene to steroids has been investigated with ho- 
mogenates of rat and hog liver. Rat liver homogenate converts squalene 
to either lanosterol or cholesterol, according to the method of preparation 
of the homogenates. The optimal conditions for the accumulation of 
lanosterol have been established. 

Hog liver homogenate can convert squalene only to lanosterol and not 
to cholesterol. The process requires both the particulate fraction and 
the soluble fraction of the homogenate. It is an aerobic process and re- 
quires reduced pyridine nucleotide. Some heavy metal may also be in- 
volved in the process. 
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ON THE MECHANISM OF ENZYMATIC CYCLIZATION 
OF SQUALENE* 


By T. T. TCHEN anp KONRAD BLOCH 


(From the Converse Memorial Chemical Laboratory, Harvard University, 
Cambridge, Massachusetts) 


(Received for publication, November 12, 1956) 


The demonstration that lanosterol is formed from acetate (1) and is 
converted to cholesterol (2, 3) has provided strong support for the hypothe- 
sis that lanosterol is an early intermediate in the conversion of squalene 
to cholesterol (4, 5). The cyclization of squalene not only to lanosterol, 
but also to the various cyclic triterpenes, has, in fact, been postulated to 
proceed in a concerted manner without the formation of any stabilized 
intermediate (6, 7). Experiments designed to test this hypothesis are 
now reported. 

In the preceding paper liver preparations are described which convert 
squalene in good yield to lanosterol, but neither synthesize squalene from 
acetate nor metabolize lanosterol further to cholesterol (8). It has thereby 
been possible to isolate and study the cyclization reaction without inter- 
ference by other reactions of steroid biogenesis. To test whether inter- 
mediates occur, the squalene-lanosterol conversion has been investigated 
in a medium of D.O. Moreover, in order to ascertain the origin of the 
hydroxyl group of lanosterol, analogous experiments were carried out with 
H.O'8 and O,'8. The results support the hypothesis of a concerted cycliza- 
tion and establish molecular oxygen as the source of the hydroxyl group 
of lanosterol. A preliminary report of this work has appeared previ- 
ously (9). 


EXPERIMENTAL 


For the present experiments, the rat liver homogenates were prepared 
under the conditions for optimal formation of lanosterol described in the 
preceding paper (8). 

D.O (99.5 per cent) and H,O' (1.4 per cent) were obtamed from the 
Stuart Oxygen Company. 11.1 atom per cent O'* oxygen gas was gen- 
erously supplied by Dr. D. Rittenberg of Columbia University. D anal- 
yses were kindly performed for us by Dr. H. S. Anker of the University 
of Chicago. O'8 analyses were carried out according to Doering and Dorf- 


* Supported by grants-in-aid from the National Science Foundation, the Life 
Insurance Medical Research Fund, and the Eugene Higgins Trust Fund of Harvard 
University. 
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man (10). The authors also wish to express their gratitude to Dr. F. H. 
Westheimer for the use of analytical equipment for oxygen analysis. All 
other materials used were the same as those in the previous paper. 

In the experiments with D.O, livers from 100 gm. male rats were ho- 
mogenized for 15 seconds in a Waring blendor with approximately one- 
sixth the volume of ice-cold potassium phosphate buffer (0.1 mM, pH 7.4). 
After aging of the homogenates for 10 minutes at room temperature, 2 
volumes of ice-cold phosphate buffer (0.1 mM, pH 7.4) in D.O were added. 
This was homogenized again for 15 seconds with a Waring blendor and 
centrifuged for 10 minutes at 700 X g. The homogenate was decanted 
and nicotinamide added (10 mg. per ml. of homogenate). The aging be- 
fore the addition of DO was performed as a precaution against the possible 
formation of D-labeled squalene from endogenous precursors. C!-la- 
beled squalene in the amounts indicated in Table I (2690 ¢.p.m. per mg.) 
was dissolved in a small volume of acetone (0.2 ml.) and added to 5 ml. 
of homogenate. The acetone was removed by placing the homogenate 
under a rapid stream of N». for 5 to 10 minutes until the odor of acetone 
was no longer detectable. The remainder of the homogenate was added 
and incubation was carried out for 3 hours at 38° in a Dubnoff shaker. 
The same procedure was used in the experiment with H.O'. For the 
determination of the O' concentration in the incubation medium, an ali- 
quot of the homogenate was frozen and the water was sublimed in vacuo 
to another vessel. It was found to contain 0.9 atom per cent excess O". 

In the experiment with O'-enriched oxygen gas, the incubation was 
carried out in flasks designed after Thunberg tubes with 125 ml. suction 
flasks replacing the tubes. The homogenate was placed in the main com- 
partment of the flasks. Squalene was suspended in the supernatant fluid 
of liver homogenate (centrifugation for 40 minutes at 144,000 * g) and 
placed in the top compartment. The supernatant fluid was found on 
assay to be inactive by itself for the evclization of squalene. The flasks 
were evacuated and flushed with helium three times. A mixture of O'- 
enriched oxygen and helium (roughly 1:4 by volume) was introduced. The 
flasks were closed off, the squalene suspension was tipped in, and the mix- 
ture was incubated for 3 hours at 38° in a Dubnoff shaker. Analyses on 
a sample of the oxvgen-helium mixture showed it to contain 10.9 atom 
per cent excess O!. 

After incubation, the homogenates were saponified with methanolic 
KOH and the non-saponifiable material was extracted with petroleum 
ether (b.p. 30-60°). A few mg. of carrier lanosterol were added and the 
mixture was chromatographed (8). The quantity of lanosterol formed 
from squalene was estimated from the total radioactivity in the lanosterol 
fraction recovered after chromatography. After further dilution with 
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suitable amounts of carrier lanosterol, the solvent was removed in vacuo 
and lanosterol was recrystallized twice from dichloromethane-methanol. 
After drying at 100° in vacuo overnight, the samples were analyzed for 
D and O'8. The specific activities of the recrystallized lanosterol samples 
were determined and the dilution of biosynthesized lanosterol by carrier 
lanosterol was calculated. The lanosterol samples were characterized as 
described in the previous paper (8). 
Results 


The results on the squalene-lanosterol conversion when conducted in a 
medium containing D.O are summarized in Table I. As seen from the 


TABLE I 
Cyclization of Squalene in DO 


° H om per S 1 L terol ution wi in lanostero 
| used | | “added | “formed | 
Theory* Found 
ml. : me. mg. fold 
1 390 62.7 60 4.47 4.12 | 0.114 0.005 
2 56 39.40 15 1.27 16.48 | 0.040 —0.003 
3 62. | 41.7 | 15 0.81 | 7.2 | 0.038 0.001 


Each ml. of the reaction mixtures contained 10 mg. of nicotinamide and 0.5 mg. of 
diphosphopyridine nucleotide. The incubations were carried out for 3 hours at 38° 


in a Dubnoff shaker. 
* Calculated for incorporation of 1 proton from the medium per molecule of lanos- 


terol, assuming that the reaction rate for H* is 5.5 times that for D*. 


last column in Table I, the lanosterol samples contained no D in excess of 
the natural abundance, showing clearly that during the cyclization process 
there is no uptake of proton from the medium by the lanosterol molecule 
into any non-exchangeable position.'. Even if only 1 atom of proton from 
the medium had been incorporated, the amount of D in lanosterol would 
have been readily detectable. This is evident from the magnitude of the 
theoretical values listed in next to the last column of Table I which are 
calculated on the assumption that the reaction rate with D* is 175.5 of 
that with H* (11). 

The data in Table II show that, in the course of the conversion of squal- 
ene to lanosterol in a medium of H.O'*, no O'*8 is incorporated. On the 
other hand, if formed in the presence of O' gas, lanosterol contains O' in 
considerable excess. Thus, the oxygen atom in lanosterol is clearly de- 


' Any D in the hydroxy! group would exchange freely with proton in the medium 
and thus be removed during the isolation and recrystallization of the steroid. 
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rived from molecular oxygen. The fact that the O'8 concentration in the 
lanosterol obtained from the experiment with O,'* was lower than required 
by theory is probably due to inadequate control of the temperature of the 
furnace in the oxygen analysis train.? 

For the discussion of the implications of these results, the scheme of 
concerted cyclization proposed by Ruzicka (6) is reproduced in Fig. 1.3 In 
this formulation, the initiation of the cyclization process is represented as 
an electrophilic attack by a hypothetical oxidizing agent, OH+. The 


TABLE II 
Cyclization of Squalene in Presence of HO" or O2'8 
Atom ae Atom per cent excess 
Homog- | per cent D O'8 in lanosterol 
medium — Theory Found 
ml. mg. mg. fold 

200 0.9 60 2.20 10.5 0.085 | 0 

210 10.9 90 0.673 81.3 0.134 | 0.070 


The conditions are the same as those for Table I. 


+ R 
H 
+ D 
DPN’, H; DPNH + D20 U 
HO H HO 


Fig. 1 2 


Fic. 1. Mechanism of cyclization according to Ruzicka (6). 

Fig. 2. Reaction 1, initiation of cyclization by removal of hydride ion. The hy- 
pothetical removal of a hydride ion is assumed to be effected by transfer to oxidized 
diphosphopyridine nucleotide. Only ring A of the steroid molecule is shown in this 
and Figs. 3 and 4. 


cyclization, once initiated, goes to completion and yields lanosterol as the 
result of various hydride and methy] shifts. 

Examination of the scheme proposed for this oxidative cyclization raises 
the following questions. Are any intermediates formed, or does the reac- 
tion go in one step? What agent initiates the cyclization? Does the 


2 Private communication from Dr. W. von E. Doering. 

3 As pointed out by Eschenmoser et al. (7), throughout the process of concerted 
ring closures and hydride and methy] shifts, the positive charge of the intermediary 
carbonium ion is at no time centered on 1 single atom. In the present paper, such 
carbonium ions are used for the purpose of simplifying the illustration. It should 
be borne in mind that they do not imply the existence of such ‘‘free’’ carbonium ions 
during the process. 
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oxidation precede, follow, or take place simultaneously with the cycliza- 
tion process? Is the oxidation effected by dehydrogenation (or removal 
of hydride ion) or by direct oxygenation? ‘These questions are really over- 
lapping, as will become evident from the following considerations. 

Three distinct mechanisms for initiation of the cyclization and the sub- 
sequent ring closure are represented in Reactions 1 to 3. For purposes 
of illustration, the reactions are represented as if carried out in a medium 
of DO in the presence of Oz: (1) In Reaction 1 initiation occurs by re- 
moval of hydride ion, followed by hydration (Fig. 2). This mechanism is 
ruled out because neither D nor O'8 from water is incorporated into lanos- 
terol. (2) Reaction 2 is proton-initiated, followed by stereospecific oxy- 
genation (Fig. 3). This mechanism cannot be eliminated solely on the 
basis of D and O'8 data. However, in this case one would expect squalene 


O2 
S H HO Kf HO- 


Fiac. 3 Fig. 4 


Fic. 3. Reaction 2, initiation of cyclization by proton. 

Fic. 4. Reaction 3, initiation of cyclization by molecular oxygen. The symbol 
k-O2* is used to represent oxygen ‘‘activated’”’ by forming a complex with the en- 
zyme. The equation as written, involving a 4 electron reduction of oxygen and a 
2 electron oxidation of the substrate, is not balanced. Although reduced pyridine 
nucleotides serve as the eventual electron donor, there is evidence that they do not 
participate directly in the step indicated above. This will be discussed elsewhere. 


to be transformed to cyclic products such as A*-*4-lanostadiene in the ab- 
sence of oxygen. 

In order to test this possibility, carrier-free C-labeled squalene was 
incubated with homogenate under anaerobic conditions. The hydro- 
carbon fraction, obtained by chromatography of the non-saponifiable 
material on alumina grade II, was chromatographed on alumina grade I 
(Woelm) together with 1 mg. of A*-cholestene. This hydrocarbon was 
chosen as a marker on the assumption that the hypothetical intermediate, 
A*.24_lanostadiene, travels on the columns closely together with A‘-choles- 
tene, but not with squalene. By using a 10 gm. Al.O; column and petro- 
leum ether (30-60°) as eluent, A‘-cholestene was separated completely 
from squalene. It contained no radioactivity, indicating that a cyclic 
hydrocarbon is not formed from squalene under anaerobic conditions. 

(3) In Reaction 3 direct oxygenation of squalene occurs (Fig. 4). This 
mechanism, the same as that shown in Fig. | with the exception that ac- 
tivated molecular oxygen takes the place of OH*, is consistent with all 
experimental data and will be discussed in detail later. 
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The conclusion that the cyclization is initiated by oxygen already an- 
swers the question of intermediates to the extent that non-oxrygenated cyclic 
compounds are eliminated. Another type of intermediate may be visual- 
ized to arise from squalene if an intermediary carbonium ion is stabilized 
by uptake of OH or ejection of proton before hydride and methyl shifts 
take place (Reactions + to 6, Fig. 5). This would yield structures of the 


OH 
(4) 
ADD OH 
R 
ELIMINATION 
— (S) 
SHIFT 
ELIMINATION 
OF H* (6) 


Fic. 5. Possible transformations of the intermediary carbonium ion 


EUPHOL ISOEUPHOL LANOSTEROL 


Fig. 6. Hypothetical transformations of isoeuphol. The solid arrow represents 
the acid-catalyzed test tube reaction. The dotted arrows represent hypothetical 
reactions. The arrows on isoeuphol indicate the shifts necessary to give lanosterol. 


isoeuphol type (12, 13) which possess a completed tetracyclic ring system 
but differ from the steroids by having a methyl substituent at C-8 instead 
of C-13. Isoeuphol itself has been obtained by acid-catalyzed isomeriza- 
tion of euphol (14) and tetracycliec triterpenes containing the isoeuphol 
carbon skeleton have recently been isolated from dammar resin (15). Iso- 
euphol, with a 6-methyl group at C-8 and an a-methyl group at C-14, can 
give rise in theory to either lanosterol, by one 1 ,3-methy! shift, or to eu- 
phol, by two 1,2-methyl shifts (Fig. 6) (16), and therefore is of special 
interest in regard to the question whether the routes of the biogenesis of 
the steroids, on the one hand, and of euphol, on the other, part company 


R R R 
HO HO C HO 
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at the stage of squalene or at the stage of a tetracyclic intermediate. Com- 
pounds having methyl substituents at carbons 8 and 14 are, however, 
unlikely intermediates in the synthesis, at least of lanosterol, for the fol- 
lowing reasons. In the case of isoeuphol itself or of a double bond isomer, 
conversion to lanosterol would have to be started by an electrophilic at- 
tack on the double bond by a proton as illustrated in Fig. 6 and this would 
result in an incorporation of D into lanosterol from a D,.O-containing reac- 
tion medium. Reactions 5 and 6 (Fig. 5) are, therefore, ruled out by the 
D,O experiments. 

Reaction 4 (Fig. 5) has not been eliminated definitely. For the diol to 
be further transformed to lanosterol or euphol, regeneration of the original 
carbonium ion by elimination of OH~ would have to take place. Although 
such a process would seem rather wasteful, it could be reasoned that for- 
mation of a stabilized diol is necessary to permit a transfer to separate 
stereospecific enzymes which determine whether lanosterol or the isomeric 
euphol is formed (Fig. 6). However, the unlikelihood of this reaction 
sequence is suggested by several lines of evidence. First of all, no evi- 
dence for any intermediate between squalene and lanosterol has been found 
throughout this investigation. Secondly, compounds with the isoeu- 
phol carbon skeleton have not been encountered in the animal kingdom. 
Lastly, 1,3-methy] shifts, though postulated in many organic reactions, 
have never been experimentally established. Though none of these points 
is conclusive, they tend to argue against diols with the isoeuphol carbon 
skeleton as an intermediate. 

The final possibility remains that a tetracyclic carbonium ion with the 
isoeuphol carbon skeleton is not stabilized by Reactions 4 to 6, but is di- 
rectly transformed to lanosterol by concerted hydride and methyl] shifts. 
As pointed out by Eschenmoser et al. (7), the squalene chain may be folded 
to give rise to an intermediary carbonium ion of either the “isoeuphol’’ 
or the “‘isolanosterol” type (Fig. 7). These would undergo two 1 ,2-hy- 
dride shifts and either two 1,2-methy] shifts (‘“‘isolanosterol type” carbo- 
nium ion) or one 1,3-methyl] shift (“isoeuphol” type carbonium ion) to 
form lanosterol. Definite conclusions on this point must await the result 
of further work now in progress. 

Though the recently isolated triterpenes with the isoeuphol carbon 
skeleton (15) cannot be biological precursors of lanosterol, their existence, 
nevertheless, furnishes additional support for a concerted mechanism of 
cyclization, since these compounds are the anticipated stabilization prod- 
ucts of the cyclic carbonium ion, as indicated in Reactions 4 and 5. The 
formation of the various triterpenes and of the steroids from squalene thus 
must follow an essentially similar mechanism, the identity of the product 
being determined by the steric requirements of the cyclizing enzymes. In 
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the case of squalene cyclization by liver preparations there is no indication 
that products other than lanosterol are formed. This absolute steric 
specificity is, indeed, remarkable, since the squalene molecule has no polar 
groups and the squalene-enzyme interaction is limited to that between the 
x electrons in the double bonds of squalene with specific loci on the en- 
zyme molecule. The liver enzyme being specific for lanosterol, it is not 


[Oo] 


R 
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ISOLANOSTEROL TYPE ISOEUPHOL TYPE 


Fic. 7. Stereochemistry of alternative intermediary carbonium ions in the cycliza- 
tion of squalene. The two pathways have been discussed by Professor R. B. Wood- 
ward in the course of lectures given between November, 1954, and March, 1955. His 
analysis of the stereochemical course of terpene and steroid biogenesis has greatly 
aided the authors in the interpretation of the present results. 


unreasonable to assume the existence of a family of similar squalene-cy- 
clizing enzymes for the formation of the diverse cyclized products. It 
would, therefore, appear appropriate to designate as squalene-oxidocy- 
clase I the liver enzyme which catalyzes the oxidative cyclization of squal- 
ene to lanosterol. 


SUMMARY 


By using D and O' as tracers, it has been demonstrated that during the 
cyclization of squalene to lanosterol (1) no proton or OH~ from the me- 
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on dium is incorporated into lanosterol, (2) molecular oxygen is incorporated 
ric into lanosterol, and (3) isoeuphol is not an intermediate. 
lar The mechanism and the stereochemistry of this process have been dis- 
he cussed. 
n- 
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ON THE DEMETHYLATION OF LANOSTEROL 
TO CHOLESTEROL* 


By JAMES A. OLSON, Jr.,f M. LINDBERG, ann KONRAD BLOCH 


(From the Converse Memorial Chemical Laboratory, Harvard University, 
Cambridge, Massachusetts) 


(Received for publication, November 12, 1956) 


There exist now several lines of evidence for the participation of lanos- 
terol in the biogenesis of cholesterol by animal tissues. Lanosterol has 
been shown to arise from acetate (1) and by the cyclization of squalene 
in liver homogenates (2) and is known to be a precursor of cholesterol in 
the same system (3). In the intact animal, acetate is incorporated into 
squalene and lanosterol at rates which are consistent with precursor- 
product relationships between these substances and cholesterol (4). 

In the transformation of lanosterol to cholesterol, the steroid molecule 
undergoes the following structural changes (Fig. 1): (1) the dimethy] 
substituent at C-4 and the methyl group at C-14 are removed,' (2) the 
A** double bond is saturated, and (3) the A’ double bond is shifted to the 
A® position. The present report deals with some general aspects of the 
above over-all process, such as optimal conditions for enzymatic activity, 
cofactor requirements, tissue localization, and, more specifically, with the 
metabolic fate of the three methyl groups which are released from lanos- 
terol. For the experiments to be described lanosterol was prepared by 
biosynthesis. In view of the known labeling patterns in squalene (6) and 
cholesterol (7, 8), it can be assumed that lanosterol derived from methyl- 
labeled acetate contains 18 labeled carbon atoms and that these include 
the methyl groups at C-4 and C-14 (Fig. 1). It has now been demon- 
strated that these methyl substituents are oxidized to COs in the course 
of the conversion of lanosterol to cholesterol. 


* Supported by grants-in-aid from the Division of Research Grants and Fellow- 
ships of the United States Public Health Service, the Life Insurance Medical Re- 
search Fund, and the Eugene Higgins Trust Fund of Harvard University. 

+ Present address, Department of Biochemistry, J. Hillis Miller Health Center, 
University of Florida, Gainesville, Florida. 

1 In the nomenclature proposed by Jones and Halsall (5) the methyl carbon atoms 
linked to positions 4 and 14 of the lanosterol ring system are numbered 30, 31, and 32, 
respectively. For the present purposes the designations 4,4-dimethyl and 14-methvl 
substituents are preferred. 
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Methods 
Lanosterol Preparations 


Two lanosterol preparations were used as substrates in the present ex- 
periments: lanosterol A, which was formed from C'!-squalene in liver ho- 
mogenates (2) and had a radiochemical purity greater than 90 per cent, 
judged from the decline of specific activity on crystallization with carrier 
lanosterol, and lanosterol B, which was isolated from the non-saponifiable 
fraction of liver and intestine of rats which had received 2-C''-acetate by 
intraperitoneal injection and were killed 10 minutes later (4). On the 
basis of crystallization data, lanosterol B contained only 63 per cent lanos- 
terol.2. The quantity of lanosterol in these preparations is too small to 
be determined accurately. It is estimated that the specific activities of 
the preparations used were in excess of 200,000 ¢.p.m. per mg. and proba- 
bly much higher than this value. 


Preparation and Incubation of Homogenates 


Liver homogenates were prepared from male Wistar rats weighing about 
100 gm. by the method of Bucher (9), or by disrupting the chilled livers 
for 30 seconds in a Waring blendor at 0° in the presence of Bucher’s me- 
dium. After centrifugation at low speed (700 X g), the supernatant fluid 
was decanted. These crude homogenates were used for all experiments, 
unless otherwise indicated. Crude homogenate (2.8 ml.) and 0.1 ml. of 
a DPN? solution (13 mg. per ml.) were placed in a 25 ml. Erlenmeyer 
flask, chilled in ice, and at zero time ‘‘methyl-labeled’’* lanosterol (1000 
to 2000 ¢.p.m.) in 0.1 ml. of propylene glycol was added. A small tube 
containing 0.2 ml. of 30 per cent KOH was suspended from the rim of the 
flask and the flask was closed with a rubber stopper. The flasks were 
incubated aerobically at 37° in a Dubnoff shaking bath for the periods 
specified in Tables I to VIT. DPN addition did not stimulate cholesterol 
formation in Bucher homogenates, but was required when Waring blendor 
homogenates were employed. This is probably due to the release of DPN- 
ase from damaged red blood cells in the latter preparation (2). At the 
end of the incubation period 0.1 ml. of 9 N HeSO, was injected by syringe 
to stop the reaction and to release CO, from the medium. After 20 min- 


2 The major contaminant in lanosterol B has been partially characterized by F. 
Gautschi in this laboratory as a 4,4-dimethylcholestane derivative. This material 
is efficiently converted to cholesterol and, hence, its presence will only affect certain 
quantitative aspects of the conversion. 

3 The following abbreviations are used: DPN and TPN for diphosphopyridine 
nucleotide and triphosphopyridine nucleotide and TCA for trichloroacetic acid. 

‘The designation ‘‘methyl-labeled”’ or ‘‘carboxyl-labeled’’ connotes the position 
of C' in the acetate employed for the biosynthesis of the sterol. 
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utes, the flasks were opened and the KOH solution was quantitatively 
transferred to a test tube containing 8 ml. of CQOs-free water. 1 ml. of 
saturated barium chloride and 0.5 ml. of 10 per cent NH,Cl were added 
and the precipitated barium carbonate was centrifuged, washed with water, 
suspended in methanol, plated, and counted in a gas flow counter. Cor- 
rections were made for self-absorption losses. 


Materials 


DPN and TPN were purchased from the Pabst Laboratories and glu- 
cose-6-phosphate dehydrogenase from the Sigma Chemical Company. 
Aleohol dehydrogenase was prepared by the method of Racker (10). 


Isolation and Chromatography of Reaction Products 


The acidified aqueous suspensions were mixed with 2 volumes (7 ml.) of 
methanol and 3 gm. of solid KOH and heated for 60 minutes on a steam 
bath. The cooled solutions were extracted three times with 15 ml. of 
petroleum ether (b.p. 60—-68°) and the extracts were washed twice with 
water and dried over anhydrous sodium sulfate. Aliquots were counted 
to determine the amount of recovered radioactivity. The petroleum ether 
extract was passed through a column (0.6 X 5 cm.) filled with 1.6 gm. of 
deactivated alumina (4). The column was washed with 25 ml. of petro- 
leum ether and developed with 160 ml. of benzene-petroleum ether, 1:10. 
10 or 20 ml. fractions were collected. Unchanged lanosterol was eluted 
with a peak volume of 70 ml. Thereafter, 50 ml. of benzene were added, 
which eluted cholesterol. In several cases the cholesterol fraction from 
the alumina chromatograms was diluted with 5 mg. of carrier cholesterol, 
the solution was evaporated to dryness under nitrogen, and the residue 
was crystallized from methanol. The specific activity remained the same 
in both supernatant fluid and crystals upon repeated crystallization and 
also on purification by way of cholesterol dibromide. A characterization 
of the cholesterol formed from lanosterol under similar conditions has been 
made previously (3). Finally, the most polar fraction was eluted with 
50 ml. of methanol-ether, 1:1 (‘Unidentified fraction’, Table I). All 
fractions were evaporated to a small volume, plated on aluminum plan- 
chets, and counted. 

Acidic Components 

After extraction with petroleum ether, the alkaline aqueous phase was 
extracted twice with ethyl ether to remove final traces of non-saponifiable 
material. Thereafter, the solution was chilled in an ice bath, acidified 


with 9 N H.SO,, filtered, and extracted several times with ethyl ether. 
Practically all of the C' in the acidic fraction appeared in the first ethy] 
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ether extract. The radioactive component was not lost by extensive 
washing with water, but was extracted into NaOH solution and, upon 
acidification of the latter, again appeared in the ether phase. The frac- 
tion designated as ‘“Alcohol-soluble fraction” (Table I) was obtained from 
the acidified aqueous solution by addition of 4 volumes of boiling ethanol, 
heating of the mixture for 10 minutes, and filtration. 


Isolation and Characterization of Formaldehyde 


In experiments in which formaldehyde production was examined, 1 ml. 
of 20 per cent TCA was added to the incubation mixture for precipitation 
of protein and of the steroids (11). After centrifugation, the supernatant 
fluid was distilled into a chilled receiving tube and formaldehyde was esti- 
mated by the chromotropic acid method (12). The dinitrophenylhy- 
drazone of formaldehyde was prepared by distilling the TCA supernatant 
fluid into 10 ml. of cold 1 N HCl containing 0.1 per cent dinitrophenyl- 
hydrazine. The tube containing the distillate was stoppered, warmed, 
and kept at room temperature for 20 minutes. The hydrazones were 
extracted with benzene; the benzene solution was washed with water and, 
after evaporation to a small volume, chromatographed on Whatman No. 1 
paper with cyclohexane-methanol as the mobile phase (13). The spots 
corresponding to formaldehyde dinitrophenylhydrazone were eluted with 
ethyl acetate and counted. 


Amino Acid Fraction 


After precipitation of protein and steroids with TCA, the supernatant 
fluid was shaken with 2 gm. of Dowex 50 resin in the hydrogen form. 
After washing the resin twice with distilled water, the amino acids were 
eluted by the addition of 2 n NH,OH and the solutions were plated di- 
rectly for C“ assay. The eluate gave a strongly positive ninhydrin re- 
action. 


RESULTS AND DISCUSSION 
Nature of Products 


On incubation of trace amounts of ‘methyl-labeled’”’ lanosterol (less 
than 5 y) the products listed in Table I were obtained in a typical experi- 
ment. In this particular case over 90 per cent of the added lanosterol was 
metabolized, roughly half of the recovered radioactivity appearing in the 
form of non-saponifiable materials. Cholesterol comprised 80 per cent 
of this fraction, corresponding to a yield of 40 per cent of the added lano- 
sterol. The non-saponifiable fraction contained, apart from unchanged 
lanosterol, only small amounts of radioactive substances of greater or 
smaller polarity than cholesterol. The remainder of the C' appeared in 
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an acidic fraction (16 per cent), in a fraction insoluble in organic solvents 
(14 per cent), and finally in the form of CO, (12 per cent). In acid-inac- 
tivated controls, all the radioactivity was recovered unchanged in the 
lanosterol fraction. In order to determine the origin of the C'O, pro- 


TABLE | 
Products Formed on Incubation of ‘‘Methyl-Labeled’’ Lanosterol 


Fraction cu whey of 
C.p.m 

Hydrocarbon 10 0 
| 440 12 
530 14 


Rat liver homogenates were prepared in the Waring blendor and incubated for 
5 hours with lanosterol B (see footnote 2 of the text) (3700 ¢.p.m.). 
* May include partial demethylation products similar in polarity to lanosterol. 


TABLE II 
Carbon Diozide Release from Lanosterol and Cholesterol 
cu 
Substrate 
Cholesterol 
c.p.m. c.p.m. 
‘“‘Methyl-labeled’’ lanosterol A..................... 440 1750 
““Carboxyl-labeled”’ lanosterol A.................. 0 2311 
“Methyl-labeled’”’ cholesterol. .................... 0 


Waring blendor homogenates (2.5 ml.) were incubated for 4 hours at 37°. In each 
experiment the substrate contained 2850 c.p.m. 


duced, identical experiments were carried out with ‘‘carboxyl-labeled”’ 
lanosterol and ‘“‘methyl-labeled” cholesterol as substrates (Table Il). The 
finding that only ‘‘methyl-labeled” lanosterol yields radioactive CO, 
strongly indicates that the CO. evolved during the conversion of lanos- 
terol to cholesterol is derived from the 4,4-dimethyl and 14-methy] sub- 
stituents and not from other carbon atoms of either lanosterol or choles- 
terol. If the 1-carbon units released in the conversion of methyl-labeled 
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lanosterol to cholesterol are completely oxidized upon their removal from 
the steroid skeleton, one would expect that 15 of the 18 labeled carbon 
atoms would remain in the cholesterol formed and that 3 would appear as 
CO... This transformation may be formulated as follows (see Fig. 1): 


C4, ¢.p.m. in cholesterol 15 
C'4, ¢.p.m. in 3 


Experimental values approaching the theoretical ratio of 5 for the two 
radioactivities have been observed when the cholesterol yield from lanos- 
terol was 70 per cent or better. More generally, however, the values 
were smaller. They ranged, according to the experimental conditions, 
from 2.5 to 5.0 with an average ratio of 3.6. Since the data in Table II 
would seem to preclude the possibility that COz2 arises from carbon atoms 


4-*~* 
CH3 CH; 
LANOSTEROL CHOLESTEROL 


Fic. 1. Distribution of methyl (*) carbon atoms of acetate in lanosterol and 
cholesterol (1, 6-8). 


other than the 4,4-dimethyl and 14-methyl substituents, the deviation 
from the theoretical ratio may be ascribed to the formation of undetected 
partial demethylation products. For example, a norlanosterol having 
one methyl group less than lanosterol might accumulate and in this proc- 
ess CO, would be the only radioactive product. A Ceg sterol would differ 
very slightly in polarity from the Co sterols and would not be separable 
from lanosterol by the chromatographic methods used in the present study. 


Rate of Cholesterol Formation 


As reported earlier (3), the conversion of lanosterol to cholesterol is 
catalyzed by homogenate preparations which contain the complete en- 
zymatic system for the synthesis of cholesterol from acetic acid. Accord- 
ing to an earlier estimate based on a single observation after a 5 hour 
incubation period, the rate of this process corresponds to a conversion of 
0.4 to 1.6 y per ml. per hour (3). The present more detailed study of the 
time-course of this reaction has shown that 8 to 17 y of cholesterol are 
formed per ml. of homogenate per hour at 37° (Fig. 2). The rate of the 
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demethylation reaction determined either by CO2 production or by choles- 
terol formation is optimal between pH 6.5 and 7.5 (Fig. 3). It declines 
sharply after 30 minutes (Fig. 2) and this probably accounts for the di- 
vergence from the earlier rate figures. 


280 


+240 


4200 


» 


CO 


200 440 


30 120 180 
TIME, MIN. 

Fic. 2. Rate of cholesterol and CO, formation from lanosterol. Each flask con- 
tained 4 ml. of Bucher homogenate in 0.1 Mm phosphate buffer, pH 7.4, and 42 y of 
lanosterol (1470 ¢.p.m.) prepared by mixing lanosterol A with non-isotopic lanosterol. 
Incubation at 37° for the periods indicated. 
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lig. 3. leffect of pH on the formation of cholesterol from lanosterol. Each flask 
contained 3 ml. of Bucher homogenate in 0.1 M phosphate buffer adjusted to the ap- 
propriate pH and 1500 c.p.m. of lanosterol A. Incubation at 37° for 2 hours. 


Even the present rate value, however, must be considered with reserva- 
tion. In view of the hydrophobic properties of sterols, the degree of dis- 
persion of the substrate may markedly affect both the rate and extent of 
lanosterol oxidation. Such effects were often observed in these experi- 
ments. In general, the addition of the sterol in propylene glycol was 
found to yield satisfactory dispersions; active preparations were obtained 
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also by suspending lanosterol in protein solutions either with the aid of 
acetone, by high frequency oscillation, or with Tween 80. Very poor 
yields were obtained when larger amounts of lanosterol (100 y per ml. of 
homogenate) were employed. 


Mechanism of Demethylation 


For the demethylation process, two principal mechanisms may be con- 
sidered: (1) a transfer of intact methyl groups from lanosterol to an 
acceptor and (2) oxidation of the methyl groups prior to their removal 
from the steroid skeleton. Of the two mechanisms, the one involving 
transmethylation is considered improbable in view of the fact that inter- 
molecular shifts of carbon-bound methyl groups are unknown in biological 
systems and also are difficult to visualize as chemical processes. The alter- 


TaBLeE III 
Effect of Oxygen on Cholesterol Formation from Lanosterol 
Gas phase Cholesterol Per cent 
c.p.m. 


Flasks containing 5 ml. of Bucher homogenate were evacuated and filled with 
helium three times. After the final evacuation, oxygen, air, or helium was admitted. 
Lanosterol A (1200 c¢.p.m.) in propylene glycol was tipped in from a side arm and the 
flasks were incubated for 4 hours at 37°. 


native possibility, oxidation of the methyl groups while still attached to the 
steroid nucleus, is favored by the finding that the conversion of lanosterol 
to cholesterol is an aerobic process (Table III). Under anaerobic condi- 
tions, cholesterol formation is suppressed and added lanosterol is almost 
completely recovered after incubation. It is also relevant to the present 
argument that a variety of naturally occurring terpenes and steroids, such 
as abietic acid, chinova acid, strophanthidin, aldosterone, and 19-hydroxy- 
A‘-androstene-3 ,17-dione (14), contain formyl, hydroxymethyl, or car- 
boxy] substituents in place of a methyl group at the 4 positions or at nu- 
clear bridgeheads. In all the compounds mentioned, oxidation of the 
methyl group in the precursor must occur by direct interaction with an 
oxidizing agent, since the quaternary character of the adjoining carbon 
atom precludes introduction of oxygen by dehydrogenation followed by 
hydration. The COs produced in the course of the demethylation reac- 
tion most likely results from one of the two following mechanisms: (a) 
partial oxidation of the methyl substituents followed by elimination of a 


oor 
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l-carbon unit from the steroid molecule, either as free formaldehyde or by 
transfer as an active formyl] derivative, or (b) decarboxylation of a steroid 
carboxylic acid. In liver homogenates, formaldehyde is rapidly oxidized 
to COz in the absence of trapping agents (15, 16). That enzymatically 
formed formaldehyde can be effectively trapped by semicarbazide has 
been observed for the N-dealkylation of aminopyrine by liver homogenates 
(17). In the present experiments, less than 0.1 y of formaldehyde per ml. 
of homogenate was detected in the absence of exogenous substrate after 
a 3 hour incubation period, whereas in the presence of 0.01 M semicarbazide 
0.8 to 1.2 y accumulated. When lanosterol was metabolized in the pres- 
ence of semicarbazide, both cholesterol formation and COs release were 
depressed (Table ITV). No radioactivity could, however, be detected in 


TABLE IV 
Effect of Semicarbazide on Lanosterol Oxidation 
| | 

M c.p.m. c.p.m. | c.p.m. | c.p.m. | c.p.m. 

0 | 6 i828 166 35 

0.005 | 191 | 650 160 | 47 

0.01 299 312 | 139 | <5 45 

0.05 504 27 | 75 | | 80 

0.10 579 26 | 61 1 112 

j i 


Bucher homogenates of rat liver were incubated for 2 hours at 37° with lanosterol 


A, 1200 c.p.m. per flask. 
* Column fraction eluted from deactivated alumina with methanol-ether, 1:1. 


the form of volatile aldehydes. Thus, formation of free formaldehyde and 
its subsequent oxidation to CO, do not appear to be an important pathway 
in the oxidation of the extra methyl groups of lanosterol. Consideration 
has also been given to the possibility that these methyl carbons are trans- 
ferred from the partially oxidized substrate to other acceptors as 1-carbon 
units by a process analogous to the serine-glycine conversion. If such 
were the case, radioactivity might appear in the amino acid fraction. No 
C™ was incorporated into the free amino acids of liver during lanosterol 
oxidation to cholesterol and COz, even when glycine was added to the ho- 
mogenate prior to incubation. In view of these negative findings a com- 
plete oxidation of the methyl groups and decarboxylation of steroid car- 
boxylic acids seem the more likely mechanism. It would account for the 
formation of acidic products as well as for the CO, released during the 
lanosterol-cholesterol conversion. A transformation of the acidic fraction 
to cholesterol would be important evidence for the decarboxylation mech- 


of 
n- 
an 
ral 
ng 
r- 
al 
h 
ie 
e 
t 
t 
1 


950 DEMETHYLATION OF LANOSTEROL 


anism, but this has not been tested as yet, because these materials are not 
readily separable from the higher fatty acids of liver tissue. 


Distribution of Enzyme Systems in Liver Fractions 


Enzymes from both the particulate fractions and the soluble super- 
natant fluid of liver homogenates take part in the conversion of lanosterol 
to cholesterol (Table V). Microsomes, mitochondria, or the soluble frac- 
tion, as prepared by the method of Hogeboom et al. (18), was inactive 
when tested separately. On the other hand, combinations of either of 
the particulate fractions with supernatant fluid metabolized lanosterol at 


TABLE V 
Distribution of Lanosterol Conversion System in Fractions of Rat Liver 
Fraction* Cholesterol CO: 
c.p.m. c.p.m 
47 49 


My = washed mitochondria; Py = washed microsomes; S = supernatant fluid. 

* Mitochondria or microsomes equivalent to 2.5 gm. of fresh liver were washed 
twice with 0.1 m phosphate buffer, pH 7.4, and then suspended either in 2 ml. of 
supernatant fluid (105,000 X g) prepared separately from Bucher homogenates 
(sucrose-free) or in 2 ml. of a solution containing 0.5 per cent bovine serum albumin 
in 0.1 mM phosphate buffer, pH 7.4. Lanosterol A (3 7), 1260 ¢.p.m. per flask; incuba- 
tion time 3 hours at 37°. 


only a slightly lower rate than whole homogenates. According to Bucher 
and McGarrahan (19), the entire enzymatic complement for cholesterol 
synthesis is localized in the microsomes and the supernatant fraction and, 
therefore, the activity of the mitochondrial fraction in the present experi- 
ments may be due to contamination by smaller particles. The greater 
specific activity of the microsomes for lanosterol oxidation, in terms of 
mg. of protein nitrogen, bears out this point. 

In the absence of supernatant fluid the amount of cholesterol formed by 
the particulate fractions was reduced to about 11 per cent, but CO» was 
still produced to an appreciable extent (30 per cent). On the whole, the 
cholesterol to COz, ratios tended to be lower in the recombined systems 
than in the whole homogenates. The activity of the supernatant fluid 
was destroyed either on dialysis for 24 hours or by boiling (Table VI). 


e not 
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Dialyzed supernatant fluid was partially reactivated on addition of TPN 
and glucose 6-phosphate, implicating a role for the glucose-6-phosphate 
dehydrogenase system in lanosterol oxidation. In subsequent experi- 
ments, the supernatant fluid was replaced by glucose 6-phosphate, 
glucose-6-phosphate dehydrogenase, and TPN. Such preparations, con- 
taining enzymatically generated TPNH in combination with the particu- 
late fractions, were approximately half as active in metabolizing lanosterol 
as the unfractionated homogenates.’ Upon addition of cytochrome c to 


TABLE VI 


Effect of Activators on Lanosterol Conversion in Particulate 
Fractions of Liver Homogenates 


Activator Cholesterol 
c.p.m. c.p.m 
Supernatant fluid (complete system).................... 477 150 
Glucose-6-phosphate dehydrogenase system*............. 240 93 
be + cyto- 
Alcohol dehydrogenase 34 52 
+ cytochrome c (1 mg.).. 17 20 
Ascorbate, NaBHg,, or catechol (0.5 mg.)................ <20 <10 


Particulate fractions containing both mitochondria and microsomes were prepared 
from Bucher homogenates by centrifugation at 105,000 K g. Each flask contained 
particles, suspended in 0.1 M phosphate buffer, corresponding to 1.5 gm. of fresh liver. 
750 c.p.m. of lanosterol A were added per flask. Incubation time 2 hours at 37°. 

* Glucose-6-phosphate dehydrogenase + glucose 6-phosphate + TPN?*. 

t Aleohol dehydrogenase + ethanol + DPN?*. 


the glucose-6-phosphate dehydrogenase system the activating effect was 
abolished, presumably as a result of diversion of the TPNH into respiratory 
processes. The alcohol dehydrogenase system (DPN, ethanol, and alco- 
hol dehydrogenase) or other reductants, such as ascorbate, NaHBg, or 
catechol, failed to activate, thus reinforcing the conclusion that the major 
role of the supernatant fraction is the generation of TPNH by means of 
the glucose-6-phosphate dehydrogenase system. It must be borne in 
mind, however, that reduced TPN does not fully substitute for the super- 
natant fraction. Other enzymatic factors or coenzymes concerned with 
the transfer of electrons from TPNH may also be present in this fraction. 


5 This statement may be true only for the specifie conditions used, 7.e. when the 
substrate is present in trace amounts and therefore possibly rate-limiting. 
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The participation of TPNH in the reaction system under study raises 
the question as to the mechanism by which a reductant participates in an 
oxidative process. For purposes of discussion, it may be postulated that 
in the oxidative demethylation the following series of reactions occurs: 
(1) oxidation of R-CH; to R-CH.2OH, (2) dehydrogenation of R-CH.OH 
to R-CHO, (3) oxidation of R-CHO to R-COOH, and (4) decarboxyla- 
tion of R-COOH. As pointed out earlier, the extra methyl groups of 
lanosterol are attached to quaternary carbon atoms and, for this reason, 
oxygen cannot be introduced by dehydrogenation and addition of water. 
The formation of R-CH,OH from R-CHs3 would, therefore, have to be 
achieved by a direct attack of oxygen. Molecular oxygen has recently 
been shown to be the oxidant in a number of steroid oxygenation reactions 
(20, 21) and in all cases examined (22-26) a requirement for TPNH has 
been demonstrated. The dependence of oxidative reactions on reducing 
agents has been rationalized in the case of phenolase by the suggestion 
that these oxidases are metalloenzymes and that they are active only in 
the reduced form (27). For steroid oxygenation it may be assumed by 
analogy that the enzymes are oxidized concomitantly with the oxidation 
of the substrate and are reconverted to the active form by the reduced 
pyridine nucleotides (28). Because the complex lanosterol-cholesterol 
conversion system has not as yet been resolved, the identity of the oxidase- 
catalyzed reaction can only be surmised at present. Considering analo- 
gous cases, however, it seems reasonable to assign the requirement for 
molecular oxygen and reduced TPN to the reaction R-CH; — R-CH,OH. 
The further conversion of the alcoholic intermediates to carboxylic acids 
would, on the other hand, be expected to be catalyzed by various alcohol 
and aldehyde dehydrogenases rather than by oxidases. 


Accumulation of Polar Intermediates 


As mentioned earlier, the addition of 0.01 mM semicarbazide to liver ho- 
mogenates slightly reduces the production of CO, from lanosterol and more 
markedly inhibits cholesterol formation. With increasing semicarbazide 
concentration, the yield of cholesterol progressively declined until it was 
less than 5 per cent of the control value in the presence of 0.1 m inhibitor. 
At the same time, COz release was still 40 per cent of normal (Table IV). 
This marked change in the cholesterol-CO, ratio suggests that under these 
conditions intermediates in the demethylation reaction, possibly alde- 
hydes or ketones, accumulate. When the semicarbazide concentrations 
were higher than 0.01 M, the non-saponifiable fractions contained appre- 
ciable amounts of a polar material which was eluted from the columns 
with methanol-ether (Table IV). When this ‘“methanol-ether’” fraction 
was incubated with liver homogenate (Table VII), cholesterol and CO, 
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were produced in a somewhat higher ratio (5:1) than that given by lan- 
osterol under average conditions. It is presumed, therefore, that this polar 
fraction contains some oxidized and partially demethylated intermediates. 
Judging from the chromatographic behavior on alumina, which is similar 
to that of steroid diols, it appears to possess at least 1 atom of oxygen more 
than lanosterol. Although the accumulation of the intermediate on incu- 
bation with semicarbazide suggests that it contains a carbonyl group, 
reaction with Girard’s reagent failed to occur under ordinary conditions. 
The oxygen-carrying substituent could still be an aldehyde, however, if 
it were attached to the 4 or 14 position of the steroid nucleus which is 
hindered. A non-saponifiable fraction of similar polarity has been iso- 
lated from short term injection experiments with 2-C'-acetate (4). This 


TaBLe VII 
Conversion of ‘‘Methanol-Ether’’ Fraction to Cholesterol in Liver Homogenates 
Experiment No. ~ 
Cholesterol CO» 
1° 320 | 86 19 
2f 1180 | 304 60 


In both experiments the ‘‘methanol-ether”’ fractions were incubated with 3 ml. of 


Bucher homogenate for 2 hours at 37°. 

* ‘“‘Methanol-ether’’ fraction isolated from incubations of Bucher homogenates 
with ‘“‘methyl-labeled’’ lanosterol A in the presence of 0.1 M semicarbazide. 

t ‘““Methanol-ether’’ fraction isolated from non-saponifiable matter of combined 
liver and intestine of rats injected with 2-C'*-acetate. 


was converted to cholesterol in liver homogenates with a ratio of 5:1 for 
the radioactivities in cholesterol and COn, z.e. the same ratio obtained with 
the “methanol-ether” fraction derived from lanosterol in vitro. These 
two fractions are thus indistinguishable metabolically as well as chro- 
matographically. The known properties of these compounds suggest 
that they are early oxidation products of lanosterol. The fact that highly 
polar intermediates are produced from lanosterol is additional support of 
the view that the methyl groups are removed oxidatively rather than by 
transmethylation. 

From an inspection of the structures of lanosterol and cholesterol, it 
is apparent that a considerable number of enzymes must participate in 
the over-all conversion. In the experimental system employed here, the 
principal product of the demethylation process is cholesterol. Other 
radioactive products accumulate, but their quantities are insignificant. 
Compounds having the requisite structure of intermediates with either 
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28 or 29 carbon atoms have not so far been isolated from natural sources 
and, hence, specific details of the reaction sequence cannot be formulated 
at this time. Nevertheless, the available evidence warrants some com- 
ments regarding the general features of the over-all process. ‘The lanos- 
terol-cholesterol conversion is an oxidative demethylation, since it re- 
quires aerobic conditions and yields approximately 3 moles of COs. In 
the presence of semicarbazide, lanosterol is converted to a more polar 
neutral fraction and this is transformed into cholesterol, also with the re- 
lease of CO. This fraction most likely contains C2; to C39 intermediates 
in which one of the methyl groups is oxidized either to CHO or CH,OH. 
The present experiments have given no indication whether each methyl 
group is completely oxidized and released as CO, before the second methy] 
substituent is attacked. Other evidence obtained in this laboratory, how- 
ever, points to a sequential removal of 1-carbon substituents. A_radio- 
active cholesterol precursor, only slightly more polar than lanosterol, has 
been isolated from rats after injection of C'‘-acetate and this intermediate 
has been partially characterized as a Cog sterol which still contains the 
4,4-dimethyl substituent (29). These structural features suggest that 
two of the three methyl groups remain intact until the first has been 
completely oxidized and removed from the steroid skeleton and, moreover, 
that the methyl substituent at C-14 is the first to be removed. 

As to the saturation of the aliphatic side chain and the shift of the 8 ,9 
double bond to the 5,6 position, it is not known at what stage of the con- 
version these steps occur. That the two double bonds of lanosterol may 
remain in their original positions until all three methyl groups have been 
split off is suggested by the observations that zymosterol (A*-?4-cholesta- 
dien-38-ol) is converted to cholesterol, both in vivo and in vitro (30, 31). 
With regard to the further events occurring at the C-27 level, the struc- 
tures of the recently isolated steroid alcohols, A7-cholestenol (32) and 
A®*4.cholestadien-38-ol (desmosterol) (33), are of interest, but their role 
in cholesterol metabolism remains to be established. 

Though few details of the mechanism are understood, a tentative esti- 
mate may be made of the number of individual steps which occur in the 
lanosterol-cholesterol conversion. If each of the extra methyl groups is 
metabolized to COs by way of R-CH2OH, R-CHO, and R-COOH, then 
twelve separate steps are required for the demethylation process alone. 
The saturation of the isooctyl side chain and the shift of the nuclear double 
bond to the 5,6 position must require at least two enzymes, bringing the 
number of enzymes involved to a total of fourteen at the minimum. Ac- 
cording to the evidence presented here, the entire machinery for the con- 
version of lanosterol to cholesterol, except for the —ITPNH-generating sys- 
tem, is localized in the particulate fraction of liver. 
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SUMMARY 


1. The metabolism of labeled lanosterol in rat liver homogenates yields 
cholesterol and CO, as the principal products. Attempts to demonstrate 
the formation of formaldehyde in the demethylation reaction were nega- 
tive. It is suggested that the 4,4-dimethyl and the 14-methyl substitu- 
ents of lanosterol are oxidized and eliminated from the steroid skeleton 
by decarboxylation. 

2. The demethylation of lanosterol to cholesterol requires both the par- 
ticulate fraction and the soluble fraction obtained by high speed centrifu- 
gation of liver homogenates. The soluble fraction can be partially re- 
placed by reduced triphosphopyridine nucleotide. 

3. From liver homogenates incubated with lanosterol and semicarbazide 
a more polar metabolite has been isolated which is an intermediate in the 
conversion of lanosterol to cholesterol. 
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The lipide components of serum lipoproteins are bound in such a way 
that many of their physical properties are not shared by the whole struc- 
ture. However, the intramolecular forces by which the various chemical 
moieties are held together are weak enough to allow the removal of lipide- 
soluble material by treatment with solvents, a purely physical method. 

Although only a part of the lipide is extracted from whole plasma with 
ethyl ether at room temperature, complete extraction obtains at low tem- 
perature (1) or by the addition of aleohol (2). Macheboeuf and Sandor 
demonstrated that treatment of horse serum with a mixture of ether and 
alcohol affected mainly the globulin fraction and not the albumin (3). 
Lever et al. (4) studied the effect of ether on plasmas of hyperlipemic pa- 
tients and found that cholesterol is extracted more readily than phospho- 
lipides. Onecley et al. (5) showed that even after the freezing of serum 
8-lipoprotein a substantial portion of the lipide is not extracted by ether, 
and Taylor et al. (6) reported that more cholesterol is extracted by chloro- 
form from the slowly migrating compounds of lyophilized sera than from 
the faster ones. This appeared to be particularly marked in some lipemic 
sera. 

Complex alterations in the electrophoretic protein pattern follow treat- 
ment of whole plasma with solvents (7-9). It should be remembered that 
the lipoproteins comprise only a small fraction of the plasma proteins and 
that the other proteins may also be affected by organic solvents. Thus, 
it is difficult to draw conclusions about changes in the properties of indi- 
vidual lipoproteins from studies in which whole plasma is used. Since 
these changes may yield important clues to the structure of lipoprotein 
molecules, the present studies were carried out to determine the effects of 
a controlled lipide extraction on purified lipoproteins. 


Methods 


Pooled Red Cross human serum was fractionated by preparative ultra- 
centrifugation at densities D 1.019, 1.063, and 1.21 in the manner de- 


* Aided by a grant from Eli Lilly and Company. 
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scribed by Havel e¢ al. (10).!. Serum chylomicrons were obtained by the 
method of Lindgren et al. (11), washed six times with saline, and concen- 
trated to a thick suspension. All fractions were adjusted to a concentra- 
tion of 1 to 2 per cent and to density 1.063 before treatment with solvent. 

Extraction was carried out at 4° in a 30 cc., glass-stoppered, round bot- 
tomed flask. 2 cc. of lipoprotein solution were added to the vessel, which 
was filled completely with peroxide-free ether or ether-alcohol mixture, no 
air space being left. The flask was revolved around its horizontal axis at 
a speed of 4to6r.p.m. The phases were separated by centrifugation, and 
the lower phase was washed once with ether and then dialyzed against a 
large quantity of 0.9 per cent salt solution. ‘Total cholesterol in the aque- 
ous phase was determined by the revised method of Schoenheimer and 
Sperry (12), and lipide phosphorus by a modification of the Steward and 
Hendry method (13). Phospholipide content was calculated by multi- 
plying the phosphorus value by 25. Total lipides were determined by 
extracting the samples twice with hot alcohol-acetone mixture (1:1) and 
once with chloroform-methanol (2:1). The combined extracts were 
washed twice with a large volume of water. All the lipide material re- 
mained in the chloroform phase, which was evaporated, and the residue 
was weighed. The precipitated proteins were washed with 10 per cent 
trichloroacetic acid solution, and twice each with hot water, alcohol, and 
ether, and dried and weighed. Electrophoretic mobilities were measured 
in phosphate buffer, pH 7.8, ionic strength 0.16 mM, by a method described 
by Gordon (14).2, Determinations of optical rotation of solutions were 
carried out in a cell 2 dm. long. A Beckman monochromator was part of 
the instrument. Whenever necessary, the solutions were clarified by a 
filtration through an asbestos pad before the measurement. 


Results 


Most of the cholesterol is extracted from the two fractions of lower den- 
sity by treatment with ether for 16 hours (Table 1). However, only small 
amounts of phospholipides are removed and, as a result, the treated lipo- 
protein has a much lower cholesterol-phospholipide ratio. In contrast, 
only a small amount of lipide is removed from D 1.063-1.21 by extraction 
with ether. The yellow color of carotene was completely extracted by 
ether from D 1.019-1.063 but virtually not at all from D 1.063-1.21. The 
removal of lipide material from D 1.019-1.063 approaches a maximum at 
16 hours (Table II). The lipide content of D <1.019 decreases somewhat 


1 These fractions will be referred to as D <1.019, D 1.019-1.063, and D 1.063-1.21, 


respectively. 
2 The author is indebted to Dr. Robert 8. Gordon, Jr., for carrying out the electro- 
phoretic measurements. 


further between 16 and 72 hours. 


J. AVIGAN 


Dialysis against 0.9 per cent NaCl of 


D 1.019-1.063, which had been in contact with ether for 30 minutes, led 


TABLE [ 


Lipide Composition of Lipoprotein Fractions after Treatment with 
Ether for 16 Hours at 4° 


Ratio, 
Lipoprotein fraction Lipide Cholesterol _ cholesterol 
phospholipide 
per cent per cent per cent 
D <1.019 Control 92.1 7.8 11.1 0.70 
After treatment 75.5 2.8 21.4 0.13 
D 1.019-1.063 Control 82.2 20.1 11.2 1.79 
After treatment 50.3 1.5 23.1 0.06 
Control 74.8 25.5 17.0 1.50 
After treatment 56.2 0.20 32.4 0.006 
D 1.063-1.21 Control 62.9 9.5 18.0 0.53 
After treatment 58.5 7.6 19.9 0.38 
TABLE II 
Lipide Composition of D <1.019 and D 1.019-1.063 after Treatment with Ether 
Fraction Lipide Cholesterol Phospholipide | _ cholesterol 
phospholipide 
hrs. per cent per cent per cent 
D <1.019 0 95.3 12.0 16.8 0.71 
0.5 84.4 7.4 24.7 0.30 
16 69.8 4.5 47.0 0.10 
0 89.8 
16 58.8 
72 46.0 
D 1.019-1.063 0 77.0 37.1 25.9 1.43 
2 54.5 9.4 43.7 0.22 
16 51.0 2.5 44.5 0.06 
88 52.0 3.0 47.3 0.06 
0) 79.5 
0.5 58 .6 
16 50.9 
40 51.3 


to the separation of a large amount of lipide material. 
for longer times remained clear upon dialysis. 

After extraction of lipides, a single ultracentrifugal component remained 
in D 1.019-1.063 and D <1.019 (Fig. 1), although in the latter case the 
starting solution contained a mixture of the low density lipoproteins. A 
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small amount of a high density component was also found in the ether- 
treated preparation of chylomicrons. 

The flotation rate of D 1.063-1.21 was not altered after prolonged shak- 
ing with ether, a fact which parallels the relatively small effect of this 
treatment upon its composition. The high density lipoproteins formed 
from those of lower density are different from the native D 1.063-1.21 
fraction in the composition of the lipide moiety. Furthermore, the modi- 
fied low density material reacted with antilow density lipoprotein immune 
serum (precipitin test) in a manner similar to that of the original antigen 


Fic. 1. The effect of treatment with ether on flotation rates of serum lipoproteins. 
Analyses were performed in a Spinco model E ultracentrifuge at 56,100 r.p.m., 26°. 
The distance from the center of rotation to the cell base = 73 mm.; density of solu- 
tion = 1.21. In all the pictures, the upper curve represents the control and the lower 
curve the modified material. Time was measured after the rotor had reached full 
speed. J, chylomicrons, 2 minutes exposure; J], Fraction D, <1.019, 2 minutes ex- 
posure; JJ/, Fraction D, 1.019-1.063, 2 minutes exposure; 7V, Fraction D, 1.019-1.063, 
12 minutes exposure. 


but not with an antihigh density lipoprotein serum. After treatment 
with ether, D 1.019-1.063 moved as a single electrophoretic component, 
and its mobility was unchanged (—2.96 XK 10-5 sec). No 
heterogeneity was found, and therefore contamination, if any, would 
amount to less than 5 per cent. This modified lipoprotein retained the 
ability of the native fraction to bind sodium oleate (15). Sedimentation 
rates of the above material were measured in salt solutions of different 
densities. From these data the density of the lipoprotein was found to be 
1.137, and the so, 12.8. The diffusion constant measured in the syn- 
thetic boundary cell was 1.7 1077 From the above values, 
a molecular weight of 1.51 & 10° was obtained. 

It was found that an ether-alcohol mixture (3:2, v/v) isa suitable solvent 
for extraction of lipides from D 1.063-1.21 lipoproteins. Increasing the 


EX 
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percentage of alcohol in the mixture frequently caused an irreversible pre- 
cipitation of the material. The treated D 1.063-1.21 was easily soluble 
in water and remained in solution after addition of alcohol up to a final 
concentration of 80 per cent; it could be precipitated, however, with ether. 
Fractions D <1.019 and D 1.019-1.063 were irreversibly precipitated from 
solution with alcohol-ether mixtures. | 

After extraction of lipides, D 1.063-1.21, unlike the original material, 
sedimented at density 1.21. In NaCl solution at density 1.005, it could 
be identified as a single component, sedimenting faster than the original 


III 
Specific Optical Rotations of Lipoproteins before and after Extraction of Lipides* 


| 25 
Lipoprotein fraction | found 

| | degrees degrees 
D 1.019-1.063 Before extraction 
Extracted lipides | 

_ After extraction | 20.1 ! 21.2 
Before extraction 
Extracted lipides | 18.3 | 

After extraction «14.5 | 15.2 
D 1.063-1.21 Before extraction | of | 

Extracted lipides | 5.6 
After extraction = © | 7.1 


* The optical rotation of extracted lipides was measured in chloroform solution. 
As determinations in a number of organic solvents of differing polarity showed no 
significant effect of the type of the solvent on the specific rotation of the extracted 
lipides, it was assumed that the material would have shown equal specific rotation 
in aqueous medium. 


lipoprotein. The untreated D 1.063—1.21, which moves electrophoretically 
within the range of serum albumin, resolved after lipide extraction into two 
distinct components, one having a mobility equal to that of the original 
material and the other a lower one. 

Both the protein and the lipide moieties of the molecule are optically 
active. Should the specific optical rotation of the native lipoprotein be 
an arithmetical average of the specific rotations of the extracted lipides 
and of the remaining part of the lipoprotein, it would be an indication that 
the configuration of the components remains undisturbed by the extraction 
process. A good correspondence was obtained for D 1.019-1.063 between 
the observed specific rotation of extracted lipoprotein and that calculated 
by subtracting the value contributed by the extracted lipide from the value 
for the material before treatment (Table III). For D 1.063—1.21, how- 
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ever, treatment with an alcohol-ether mixture caused a substantial drop in 
specific optical rotation below the calculated value; this result indicates 
some denaturation as a result of the extraction procedure. 

It is known that for most proteins the presence of urea at high concen- 
tration causes a rise in negative values of optical rotation as a result of 
splitting of hydrogen bonds and denaturation. In contrast to two other 
serum proteins and to lipoprotein D 1.063—-1.21, Fraction D 1.019-1.063 
was not affected by 7 mM urea (Table IV). This property was absent after 
treatment with ether. The centrifugal pattern of D 1.019—1.063 did not 
change as a result of incubation at room temperature with 7 M urea for 
10 days, followed by dialysis against salt solution. 


TaBLE IV 
Effect of 7 M Ure rea on n Optical Rotation of Proteins 
Protein | in in 0.14. N 
0.14 .N NaCl NaCl + 7M urea 
degrees 
Bovine serum albumin.......................... 54.0 90.9 
Serum lipoprotein D 1.019-1.063................ | 16.7 | 16.7 
D 1.019-1.063, after treatment 
Serum lipoprotein D 1.063-1.21................. | 3.5 | 44.6 
= D 1.063-1.21, after treatment | | 


DISCUSSION 


Our results are in agreement with the previously demonstrated reduction 
in the amount of 8 component after an extraction of lipides from whole 
serum (7-9). The experiments indicate a pronounced difference between 
low and high density lipoproteins in their resistance to ether. This obser- 
vation cannot be explained solely by a different percentage composition of 
their lipide moieties and probably reflects differences in molecular structure 
and binding forces. Differences in resistance to denaturation in the pres- 
ence of alcohol-ether and in the effects of urea upon optical rotation also 
lead to the same conclusion. This parallels the known difference in molec- 
ular weights and structures of the protein moieties of low and high density 
lipoproteins (16, 17). 

Lack of change in the electrophoretic mobility of 2) 1.019 1.063. after 
partial extraction of lipides shows that the number of electrie charges in 
the molecule is not changed appreciably. 

The results of brief treatment with ether suggest that the removal of 
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cholesterol from the low density fractions is not a continuous process, but 
that, once initiated, it goes rapidly to completion. The fact that the value 
of the optical rotation of the native D 1.019-1.063 is the average of the 
optical rotations of the extractable lipides and of the residual material indi- 
cates that cholesterol, both free and esterified, is loosely bound in the lipo- 
protein and does not affect the optical asymmetry of the other moieties. 
Since denaturation of proteins is known to be accompanied by a large 
increase in negative values of optical rotation, this observation also rules 
out significant changes in the structure of the protein moiety during the 
treatment. It may be assumed that in the low density lipoprotein mole- 
cule there is a core of lipide material containing mainly the phospholipides 
bound by stronger forces than the other lipide moieties. This assumption 
is corroborated by the fact that D 1.019-1.063, after extraction of lipide, 
contains a fairly homogeneous ultracentrifugal and electrophoretic com- 
ponent instead of a continuum of moieties. 

The molecular weight of the modified D 1.019-1.063 is close to that 
which can be calculated from the value for the molecular weight of hydrated 
serum 8;-lipoprotein given by Oncley et al. (16) (2.1 & 10°), by deducting 
the amount of free and esterified cholesterol and assuming no change in 
hydration. It indicates that neither breakdown into smaller units nor 
molecular association has taken place as a result of extraction of lipide. 

The resistance of D 1.019--1.063 to denaturation by urea, which is abol- 
ished after treatment with ether, is presumably due to a stabilizing effect 
of the extractable lipides. It is of interest to note here that the complex 
formation of egg albumin with ergosterol protects the protein against de- 
naturation by guanidine hydrochloride (18). It is conceivable that com- 
plex-formed sterols may serve an important function in maintaining pro- 
tein configuration. 


SUMMARY 


1. Extraction of lipide from ultracentrifugally isolated lipoprotein frac- 
tions of human serum with organic solvents has been studied. 

2. Treatment with ether at 4° removes almost all of the cholesterol and 
a much smaller proportion of the phospholipide from the low density lipo- 
protein fractions (D <1.019 and D 1.019—1.063), leaving a soluble material 
of higher density. The composition and properties of the modified lipo- 
protein have been described. 

3. The high density lipoproteins (D 1.063-1.21) are relatively resistant 
to ether, but the lipide can be almost completely removed with a 3:2 ether- 
alcohol mixture, leaving a soluble protein derivative, the properties of 
which have been investigated. 

4. The optical rotation of the lipoproteins before and after extraction 
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of lipides as well as that of the lipide removed has been measured. The 
effects of 7 M urea on the optical rotation of lipoproteins have been deter- 
mined. ‘The results of both these studies permit certain conclusions re- 
garding the structural characteristics of the various lipoprotein fractions. 
In particular, a stabilizing function for the lipide in the D 1.019—1.063 frac- 


tion is suggested. 


The author wishes to express his thanks to Dr. C. B. Anfinsen and Dr. 
DD. Steinberg for valuable suggestions and help in carrying out this work. 
The technical assistance of Miss M. A. Hurley and Mr. EF. F. Wilson is 
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The properties of TPN?-linked isocitric dehydrogenase have been the 
subject of considerable interest for a number of years, principally because 
of the multiplicity of the chemical reactions which can be catalyzed by 
this enzyme. Aside from the reversible (2) over-all reaction the enzyme 


(1) Isocitrate + TPN* =* a-ketoglutarate + CO. + TPNH + Ht 


promotes the decarboxylation of oxalsuccinate to a-ketoglutarate and CO, 
(3, 4) and catalyzes the reduction of oxalsuccinate to isocitrate by TPNH 
(2). This property of multiple enzymatic activity is in contrast to the 
limited catalytic capacity of the DPN-linked isocitric dehydrogenase puri- 
fied from yeast (5) and heart muscle (6). Curiously, it has not been pos- 
sible to demonstrate with the DPN-linked enzyme either a reversal of the 
analogous reaction of Equation 1 or the oxidation of DPNH by oxalsuc- 
cinate (5, 6). It became of interest to determine whether the multiple 
activities of TPN-linked isocitric dehydrogenase resided in the same pro- 
tein molecule or resulted from the presence of several separate enzyme 
entities in the preparations studied. An adequate purification of the 
enzyme therefore was of paramount importance. <A few years ago Grafflin 


* These studies were supported in part by funds from the Wisconsin Alumni Re- 
search Foundation (1953-54) and the National Heart Institute, National Institutes 
of Health, United States Public Health Service (grant No. H-1279, H-2006C). We 
are grateful for a special grant from the Williams-Waterman Fund of the Research 
Corporation, New York (1955-56). A preliminary report was presented before the 
American Society of Biological Chemists (1). 

t Fulbright Fellow (1955-56), on leave of absence from the Department of Phys- 
iological Chemistry, Johannes Gutenberg Universitit, Mainz, Germany. 

t Trainee of the National Heart Institute (1953-54), at the Institute for lk:nzyme 
Research, University of Wisconsin, Madison, Wisconsin. Present address, Depart - 
ment of Physiology, University of Montreal, Montreal, Canada. 

$ Established Investigator of the American Heart Association. 

‘The following abbreviations are used: triphosphopyridine nucleotide and _ re- 
duced triphosphopyridine nucleotide, ‘TPN and TPNH; diphosphopyridine nucleo- 
tide and reduced diphosphopyridine nucleotide, DPN and DPNH); tris(hydroxy- 
methyl)aminomethane, Tris. 
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and Ochoa (7) obtained a purified preparation with a specific activity of 
about 800 units per mg. of protein. More recently, Moyle and Dixon 
(8, 9) reported a preparation with a specific activity of 1500 units per mg. 
which was 90 to 95 per cent pure, according to electrophoretic and ultra- 
centrifugal analyses. Both preparations catalyzed the dehydrogenation 
of isocitrate and the decarboxylation of oxalsuccinate. However, the 
specific activities of these preparations represented a purification of less 
than 10-fold from that of the initial aqueous extract of hog heart acetone 
powder. Furthermore, it had been observed during studies on the DPN- 
linked isocitric dehydrogenase (6) that the initial aqueous extracts of 
acetone powders of washed particulate residues of beef or guinea pig heart 
frequently had specific activities for the TPN-linked enzyme ranging up 
to 1800 units per mg.? Specific activities of this order of magnitude can 
also be obtained from washed particles of hog heart.’ For these reasons 
it seemed unlikely that the value of 1500 units per mg. obtained by Moyle 
and Dixon (8, 9) could represent the ultimate purification of TTPN-linked 
isocitric dehydrogenase. 

Two principal approaches were used here for the purification of the 
TPN-linked enzyme. The dehydrogenase has been obtained, with specific 
activities ranging from 3000 to 4300, from aqueous extracts of washed par- 
ticles from beef or hog heart, by procedures which involve relatively few 
steps. A more elaborate method, starting with acetone powders of whole 
hog heart, has also been developed which yields an enzyme preparation 
with a specific activity as high as 12,000. The methods employed for the 
purification of isocitric dehydrogenase and a description of some physico- 
chemical properties of the best preparation obtained are the subject of the 
present communication. Studies on the enzymatic activities of these 
purified materials are described in the following paper (10). 


Methods 


Reagents ~The following reagents were purchased from the commercial 
sources indicated and were used without further purification: d/-isocitric 
lactone (California Foundation for Biochemical Research), TPN and Tris 
(Sigma Chemical Company), MnSO,-H2O (Merck), Versene, disodium salt 
of ethylenediaminetetraacetic acid dihydrate, A. R. (The Dow Chemical 
Company), gelatin (U. S. P. quality). a-Ketoglutaric acid (Nutritional 
Biochemicals Corporation) was recrystallized four times from acetone- 
benzene. Water employed throughout the fractionation procedure and in 
the solutions used for enzyme assay was redistilled in Pyrex glass. 

Assay Procedures The over-all reaction from isocitrate to a-ketoglu- 

Plant, G. W. and Sung, S.-C., unpublished observation. 

Siebert, G., and Plaut, G. W. unpublished observation. 
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tarate and carbon dioxide was followed in the Beckman spectrophotometer 
model DU at 25° by observing the change in light absorption at 340 my 
due to the formation of TPNH. Corex cells of | em. contained 1.00 ml. 
of 0.1 M Tris buffer contaiming 0.001 mM Versene, 0.2 ml. of 0.02 
0.2 ml. of 0.0015 Mm TPN, 0.05 mil. of 0.08 m dl-isocitrate, 1.00 ml. of 0.1 per 
cent gelatin containing 0.01 mM Tris and 0.001 M Versene. All the solutions 
were adjusted to pH 7.4; 0.01 to 0.05 ml. of enzyme solution and enough 
water to make a final volume of 3.00 ml. were added. The reaction was 
initiated by the addition of enzyme solution to the otherwise complete 
reaction mixture; it was followed at 0.5 minute intervals over a 5 minute 
period. At the proper concentration of the enzyme, the reaction proceeded 
at a linear rate over this period of time. A blank solution containing all 
the reagents except isocitrate was included with all the assays. 1 unit of 
enzyme activity is defined as a change in optical density of 0.01 per minute 
at 340 my under the above conditions (11). Specific activity is expressed 
as units per mg. of protein. 

Protein was determined by the method of Warburg and Christian (12) 
(all readings were made in the presence of 0.33 mM Tris buffer, pH 7.4), ex- 
cept in the case of the initial extract in which the ratio of the optical den- 
sities at 280:260 mu is below 0.70. The protein content of these crude 
preparations was determined by the method of Lowry ef al. (13), with 
crystalline serum albumin as a standard. 


Results 


Although the preparation of the highly purified material is of particular 
interest from the point of view of the enzymatic properties of isocitric 
dehydrogenase, a brief description of a simpler procedure (Method 1) 
leading to material with a specific activity of 3000 to 4300 units per mg. 
might be useful in cases in which a partially purified enzyme is desired. 


Method I 


All of the following steps are carried out at 2°. 500 mg. of a washed res- 
idue acetone powder from beef heart (6) are extracted with 12.5 ml. of 
0.01 mM phosphate buffer, pH 7.4, containing 0.001 mM Versene, in a Potter- 
Elvehjem homogenizer. The suspension is stirred slowly for 15 minutes 
and then centrifuged at 30,000 * g for 20 minutes. The residue is dis- 
carded. 9.9 ml. of the clear reddish supernatant fluid (A) and 43 mg. 
(dry weight) of thoroughly washed Dowex 1 formate are stirred gently for 
15 minutes. The resin is removed by filtration through a small plug of 
glass wool. The filtrate (B) is adjusted to 60 per cent saturation by the 
addition of a saturated solution of ammonium sulfate containing 0.001 M 
Versene. After 30 minutes, the resulting precipitate is removed by cen- 
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trifugation and discarded. The supernatant solution is brought to 80 per 
cent saturation with saturated ammonium sulfate. The suspension is 


centrifuged 2 hours after the addition of the ammonium sulfate, and the | 


sediment is taken up in 1 ml. of phosphate-Versene buffer (C). 
The results of a typical fractionation are summarized in Table I. [t will 
be noted that the Dowex | formate treatment does not result in an improve- 


ment in specific activity. However, it does lead to an increase of the 280:- | 


260 my ratio from 0.74 to 1.01 and makes possible the subsequent purifica- 


TABLE | 
Purification of Isocitric Dehydrogenase 
Fraction Volume Protein Total units — Yield 
| mi. me. | per cent 
Method I | 
A | 10.4 25.3 32,240 | 1,276 | 100 
B 9.0 27.1 32,960 | 1,106 | 100 
C 1.2 6.89 27,240 | 3,955 | 84.5 
Method II 
1. kxtract from 640 gm. acetone (10,590 (56,320 9,754,000 173 | 100 
powder 
2. Ist ammonium sulfate fraction- 160 , 6,700 7,230,000 1,080 | 75 
ation* 
3. 2nd ammonium sulfate frac- 48 2,840 6,556,000 | 2,310 | 67 
tionation 
4. Methanol fractionation | 15.6 560 3,150,000 | 5,620 | 32.4 
5. 3rd ammonium sulfate frac- | 21.71 22 1,764,000 | 7,600 18.1 
tionation | | 
6. 2nd gel step | 3.1 66 833,000 | 12,600 | 8.5 


* The preceding ammonium sulfate eluate from calcium phosphate gel has a 
specific activity of about 600. 


tion with ammonium sulfate. Fractionation with ammonium sulfate in 
the presence of 10 per cent sodium chloride can be used with similar success 
if the Dowex treatment is omitted. 

While the above method of purification is convenient for the preparation 
of small quantities of partially purified isocitric dehydrogenase, it is im- 
practical for the large scale preparation of more highly purified enzyme, 
principally because only 5 to 10 per cent of the isocitric dehydrogenase of 
total tissue homogenate can be recovered from the washed residue prep- 
aration. Since much better recovery (85 to 90 per cent) of the total 
tissue activity could be obtained from acetone powders of whole hog heart, 
this was used as the starting material for the preparation of highly purified 
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enzyme, even though the specific activity of the initial aqueous extract 
was only one-tenth that from the washed residue preparations. 


Method II 


Twenty-five to forty hog hearts are packed in ice and transported to 
the laboratory within 1 hour from the death of the animals. — 

Preparation of Acetone Powder—The hearts are trimmed in the cold room 
and the remaining ventricular muscle is cut into about 1 c.cm. pieces. 
200 gm. portions of these are passed through a mechanical meat grinder. 
Within 20 seconds after each grinding, the tissue is mixed with 600 ml. of 
acetone (—2°) for 30 seconds in a Waring blendor. The acetone suspen- 
sion is stored at —2° until all the tissue has been processed. It is then 
filtered through four layers of cheesecloth and the excess liquid pressed 
out. The residual material is treated twice more in this manner with the 
original volume of fresh acetone. After the third acetone wash, the well 
pressed residue is spread on paper at room temperature. Rapid drying is 
essential and is promoted by subdividing the lumpy material as finely as 
possible on the paper. This is followed by grinding of the partially hard- 
ened mass in a mortar. An average yield of 190 gm. of acetone powder 
per kilo of fresh tissue is obtained. 

All of the following manipulations except those in Step 4 are carried out 
at 2°. 

Step 1. Extraction and First Gel—160 gm. of acetone powder are mixed 
with 3.1 liters of 0.001 m Versene, pH 7.4, in a Waring blendor at top speed, 
then agitated slowly for an additional 25 minutes. The suspension is 
centrifuged at 4000 X g for 30 minutes. The clear extract is mixed with 
280 ml. of calcium phosphate gel (14) (approximately 50 mg. of dry weight 
per ml.) and stirred slowly for 15 minutes. The mixture is centrifuged 
at 4000 X g for 10 minutes. The supernatant solution, which should 
contain no more than 10 to 15 per cent of the initial activity, is discarded. 
The sediment is suspended in 500 ml. of 0.1 mM potassium phosphate, pH 
6.0, containing 0.001 mM Versene. After 10 minutes of agitation, the mate- 
rial is centrifuged as above. The supernatant solution, which contains 
little activity (5 to 8 per cent) and about 16 per cent of the initial protein, 
is discarded. The gel residue is treated for 25 minutes with 440 ml. of 40 
per cent saturated ammonium sulfate solutiont in a Waring blendor at 
slow speed. ‘The suspension is centrifuged for 20 minutes at 30,000 X g. 

Step 2. First Ammonium Sulfate Fractionation—The actual ammonium 


* All ammonium sulfate solutions are made from a stock solution 100 per cent 
saturated at 25°, adjusted to pH 6.0 with concentrated ammonium bydroxide, and 
containing 0.01 m Versene. ‘This stock solution is 4.1 mM with respect to ammonium 
sulfate. Dilutions are made with 0.01 m Versene solution, pH 6.0. 
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sulfate concentration throughout the procedure is followed by a modifica- 
tion of the Nessler method (15).5 The deep red eluate from calcium phos- 
phate gel is brought to 50 per cent saturation by the addition of the ap- 
propriate amount of solid ammonium sulfate over a period of 90 minutes. 
The solution is left for 18 hours and then centrifuged. The residue, which 
contains practically none of the activity, is discarded. The ammonium 
sulfate concentration of the supernatant solution is raised to 75 per cent 
saturation with solid (NH4).SO,4 over a period of 90 minutes. The sus- 
pension is left to stand for at least 6 hours and then centrifuged. The 
supernatant solution is discarded and the sediment is taken up in 30 ml. 
of 40 per cent saturated ammonium sulfate. It is best to accumulate 
material at this step from about 640 gm. of acetone powder before con- 
tinuing with the procedure. 

Step 3. Second Ammonium Sulfate Fractionation —The supernatant solu- 
tion from Step 2 is brought to 51 per cent saturation by the slow addition 
of saturated ammonium sulfate solution and is left to stand for 2 days. A 
residue and supernatant solution (Ss;) are obtained upon centrifugation. 
The residue is taken up in 7 ml. of 40 per cent saturated ammonium sul- 
fate solution, undissolved material is removed by centrifugation, and the 
clear solution is retained (R43-5:). The supernatant solution (S5:)_ is 
brought to 56 per cent saturation by the addition of saturated ammonium 
sulfate. The resulting suspension is centrifuged and the supernatant 
solution, which should contain practically none of the activity, is dis- 
carded; the residue (R5:_55) is combined with R43-s:.° 

Step 4... Methanol Fractionation—The solution of the enzyme is dialyzed, 
with rapid stirring, against 0.01 mM Versene, pH 6.0, until the ammonium 
sulfate content is lowered to about 0.001 mM. It should take less than | 
hour of dialysis to accomplish this. The enzyme solution is diluted to a 
protein concentration of about 4 per cent with 0.01 mM Versene, pH 6.0. 
The dialysis and dilution should be made shortly before the methanol 
fractionation, since the enzyme is unstable in solutions of low ionic strength. 

All of the following steps are carried out at — 12° unless otherwise stated. 
Methanol (—50°) is added slowly to the stirred enzyme solution until a 
methanol concentration of 15 per cent (v/v) is reached. A slow stream 
of carbon dioxide is passed over the surface of the enzyme solution during 
methanol addition.” After the last drop of methanol has been added, the 


5"The saturation levels referred to here are in terms of saturation of (NH 4).S80, 
at 25° (16), although fractionations were earried out at O 2°. 

* "The limits of ammonium sulfate concentration, within which the best: prepara- 
tions of the enzyme ean be obtained, tend to vary with different batches of acetone 
powders and exletum phosphate gel. Therefore, it is advisable to follow the course 
of the fractionation by assay. 

7 It has been observed that the enzyme is precipitated from solution at a lower 
concentration of methanol in the presence of an atmosphere of carbon dioxide. 
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solution is stirred occasionally for 30 minutes and then centrifuged at 
18,000 X g for 10 minutes. The clear supernatant solution is then brought 
to 23 per cent methanol concentration. The sediment is washed by sus- 
pension in 5 ml. of 23 per cent methanol, again in the presence of a slow 
stream of carbon dioxide. After about 5 minutes of this treatment, the 
suspension is centrifuged for 5 minutes at 18,000 X g. The washed sedi- 
ment is dissolved in 12 ml. of 40 per cent saturated ammonium sulfate at 
—6.5°. The solution is tmmediately dialyzed with rapid stirring against 
two changes of 360 ml. of 40 per cent saturated ammonium sulfate at —6.5°, 
each for 15 minutes. The dialyzed solution is centrifuged for 20° min- 
utes at 30,000 X g at 2°. 

Step 5. Third Ammonium Sulfate Fractionation--The enzyme solution 
is brought to 51 per cent saturation by the addition of saturated ammo- 
nium sulfate.6 After standing for at least 6 hours, the mixture is centri- 
fuged and the precipitate discarded. The clear supernatant solution is 
adjusted to 69 per cent saturation with saturated ammonium sulfate and 
centrifuged after at least 6 hours. The resulting sediment is dissolved in 
0.01 m Versene, pH 6.0. Just before Step 6, this solution is dialyzed against 
0.01 m Versene, pH 6.0, until the ammonium sulfate concentration has 
been reduced to about 0.001 Mm (see Step 4). 

Step 6. Removal of Inactive Proteins by Adsorption on Calcium Phosphate 
Gel—The protein content of the enzyme solution is adjusted to 1.5 per 
cent by the addition of 0.01 M Versene, pH6.0. Thesolution is then treated 
with 0.4 mg. of calcium phosphate gel per mg. of protein. The mixture 
is stirred occasionally over the next 15 minutes, after which it is centri- 
fuged and the resulting supernatant solution treated with 0.1 mg. of gel 
per mg. of remaining protein. This is followed by three more treatments 
with gel whereby the supernatant solutions from each preceding step are 
treated with 0.1, 1.5, and 3.5 mg. of gel per mg. of remaining protein.® 
The supernatant solution, after the final adsorption, is brought to 70 per 
cent saturation with ammonium sulfate by the slow addition of the appro- 
priate amount of the solid salt, and is left to stand for at least 12 hours. 
The resulting suspension exhibits a strong schlieren effect. Microscopic 
examination of the centrifuged residue reveals a small proportion of needle- 
like crystals in the otherwise amorphous mass. The precipitate is dis- 
solved in a small volume of 20 per cent saturated ammonium sulfate. A 
small amount of insoluble material is removed by centrifugation. This 
solution of the purified enzyme can be kept at 2° for 2 to 4 weeks without 


§ The progress of the fractionation is followed by assay. If it appears that an 
excessive amount of enzyme of high specific activity is adsorbed by one of the gel 
steps, the activity can be recovered from the calcium phosphate by elution with 40 
per cent saturated ammonium sulfate. 
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loss of enzymatic activity. A summary of the purification procedure is 
given in Table I. 

Physicochemical Studies--The homogeneity of the most highly purified 
enzyme preparation obtained (specific activity 12,600) has been examined 
in the analytical ultracentrifuge (Spinco model E) and by electrophoresis, 

10 mg. of protein were dissolved in 1.15 ml. of a 0.4 M ammonium sul- 
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Fic. 1. Sedimentation patterns. 7 mg. of protein per ml. in 0.4 M (NH4).S80O,4 and 

0.01 M Versene at pH 6. The patterns shown (from left to right) were obtained after 

16, 32, and 48 minutes at 59,780 r._p.m. The arrow on the last pattern indicates a 
small amount of rapidly sedimenting material. 

Fig. 2. Electrophoretic patterns. Patterns obtained after 4782 seconds (lower) 
and 8022 seconds (upper) at 5.6 volts per cm. in a cacodylate buffer (0.05 m sodium 
cacodylate, 0.063 M cacodylic acid, 0.05 mM NaCl, pH = 6.04, ionic strength = 0.1). 
18.5 mg. of initial enzyme protein (specific activity 12,600). The dark area on the 
right-hand side of the upper descending pattern and the similar one which is less 
clearly evident on the ascending pattern result from the slow precipitation of protein 
during the run. The arrows above the upper patterns show the levels at which frac- 
tions were removed. The clarified solutions were analyzed for enzymatic activity 
and protein content. <A, ascending side, small fast moving component (specific ac- 
tivity 500); B, descending side, small negatively charged component (boundary not 
visible; specifie activity 370); C, descending side, part of main component where 
boundary appeared symmetrical (specific activity 15,800); D, contents of the bottom 
section of the cell (not shown in the figure) (specific activity 15,100). 


fate sclution which contained 0.01 M Versene, pH 6.0. This solution was 
centrifuged at 59,780 r.p.m. for 128 minutes. A main component which 
was accompanied by a small amount of vellow color remained symmetrical 
throughout the whole period of centrifugation. A fast moving component 
equivalent to about 3 per cent of the total protein was also present (Tig. 
1). The sedimentation constant (soo,.) of the main component was 4.6 
S. The diffusion constant (Deo, .), estimated from the spreading of the 
sedimentation boundary, was 7.3 X 10-7 cm.’ sec.'. Assuming a partial 
specific volume of 0.75, the measurements yield a molecular weight of 
61,000. 
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The enzyme was submitted to electrophoresis in cacodylate or diethy]- 
barbiturate buffers (u = 0.1) at pH 6.04, 6.26, and 7.8. These anal- 
yses were complicated by the extreme lability of the enzyme at low ionic 
strength. At pH 7.80, turbidity appeared within 30 minutes of the start 
of electrophoresis. Operationally, the determination at pH 6.04 was 
more satisfactory, but even in this run precipitation occurred within 130 
minutes. The main component had a mobility of +2.0 * 10-° and 
—0.64 10-5em.? volt~ sec.—'! at pH 6.04 and 7.80, respectively. The 
isoelectric point indicated by these mobilities is at about pH 7.4. The 
main peak was spread out on the slow side at pH 6.04 (Fig. 2). It was 
estimated that as much as 25 per cent of the area might separate from the 
material, showing the maximal gradient upon prolongation of the electro- 
phoresis. A small peak which was negatively charged at pH 6 was seen 
in both channels. It had moved out of the field when the patterns in 
Fig. 2 were taken. There was a fast component comprising about 10 per 
cent of the total area on the ascending side only at pH 6.0 (Fig. 2). Iso- 
citric dehydrogenase activity is doubtless a part of the major component, 
as revealed by analysis of fractions collected separately from the cell at 
the end of the electrophoresis run (Fraction C, Fig. 2). The specific 
activities of 15,800 and 15,100 units per mg. reported there for Fractions 
C and D, respectively, are higher than the initial activity of 12,600 units 
per mg. The discrepancy is probably due to the fact that these enzymatic 
assays were performed at 29° instead of the usual 25°. 


DISCUSSION 


Purified TPN-linked isocitric dehydrogenase has been found to be a 
rather stable enzyme, provided that the following conditions are fulfilled. 
(a) The enzyme should be stored in solutions of high ionic strength. For 
example, it has been found that there is no loss of activity for 2 to 3 weeks 
when the enzyme is kept in ammonium sulfate solution, saturated above 
30 per cent, at 2°. (b) Lotspeich and Peters (17) have shown that traces of 
heavy metals can inactivate isocitric dehydrogenase. The use of water 
redistilled from Pyrex glass and the inclusion of Versene in all solutions 
have been found to be essential for the successful purification and assay 
of the enzyme. (c) The enzyme is sensitive to alcohol at temperatures 
above —6°. For this reason the temperature must be strictly controlled 
during the methanol fractionation. 

The best preparation of isocitric dehydrogenase obtained has a specific 
activity eight times higher than that obtained by Moyle and Dixon (8, 9). 
Aside from this difference in specific activity there are, however, some 
similarities in the physicochemical properties of the two enzyme prepara- 
tions. Both materials exhibit a major peak upon ultracentrifugation (90 
to 95 per cent of the total protein of their preparation and 95 to 98 per 
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cent of our purified product) with very similar sedimentation constants 
(Moyle and Dixon, s2,, = 4.8 8; present preparation, 80,. = 4.6 8). 
The molecular weight, calculated from sedimentation and diffusion con- 
stants of both preparations, falls within the same range of values (approx. 
imately 60,000). These similarities, of course, may be just coincidence. 
There seems to be a difference in the electrophoretic behavior of the two 
preparations. Moyle and Dixon (9) report that the electrophoretic mo- 
bility of their enzyme is ‘‘very small”? over a range of pH values from pH 
5.6 to 8.5; the variation of mobility with hydrogen ion concentration of 
our preparation seems to be more in accord with that observed with other 
proteins, with an isoelectric point at pH 7.4. 

The presence of a small proportion of needle-like crystals in the precip- 
itate from the ammonium sulfate solution of our final preparation and a 
major peak which remains symmetrical throughout prolonged ultracentri- 
fugation suggest that this enzyme is close to its final stage of purity. 
Nevertheless, the results of the electrophoretic analysis reveal that this 
preparation may contain as much as 35 to 40 per cent of proteins other 
than isocitric dehydrogenase. In view of the instability of the enzyme 
under the conditions of electrophoresis (only 51 per cent of the enzymatic 
activity and 46 per cent of the protein could be recovered from the soluble 
portion of the cell contents recovered from the electrophoresis experiment 
cited in Fig. 2), it is uncertain whether the asymmetry of the major peak 
observed at pH 6.04 is due to an impurity or to a product of denaturation 
of the enzyme. Nevertheless, it is of importance that it has been demon- 
strated that the bulk of the enzymatic activity is associated with the prin- 
cipal mobile component. 


SUMMARY 


A preparation of triphosphopyridine nucleotide-linked isocitric dehydro- 
genase with a specific activity of 12,000 units per mg. has been obtained 
from pig heart. This represents a 73-fold purification over the initial 
aqueous extract from whole hog heart acetone powder and appears to be 
the highest specific activity of this enzyme which has been obtained so 
far. <A less complicated procedure is also described by which isocitric 
dehydrogenase with a specific activity of 3000 to 4300 units per mg. can 
be obtained. 

The best enzyme preparation exhibits a major component during ultra- 
centrifugation which comprises 95 to 98 per cent of the total protein. 
The enzyme is markedly unstable in solutions of low ionic strength. —Elec- 
trophoretic analysis of the purified preparation has therefore led to some- 
what equivocal results; however, it has been established that here, too, 
the enzymatie activity is associated with the major mobile component. 
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THE ENZYMATIC PROPERTIES OF 
[ISOCITRIC DEHYDROGENASE* 


By GUNTHER SIEBERT,{t M. CARSIOTIS, anv G. W. E. PLAUTt 


(From the Department of Biochemistry, New York University College of 
Medicine, New York, New York) 


(Received for publication, November 14, 1956) 


The availability of purified preparations of isocitric dehydrogenase (1) 
presented an opportunity to reexamine the multiple enzymatic activities 
which have appeared to be associated with this enzyme (2-7). The reac- 
tions are the oxidative decarboxylation of isocitric acid to a-ketoglutaric 
acid and carbon dioxide (IDH),! oxalsuccinic reductase (OSAR), oxalsuc- 
cinic decarboxylase (OSADC), and the reductive carboxylation of a-keto- 
glutarate. It has been observed not only that these activities remained a 
part of the purified enzyme, but that the ratios of the activities to each 
other remained constant throughout a many-fold purification of the pro- 
tein. All of these activities have an absolute requirement for a suitable 
metal ion (Mn++ or Mgt*). Although OSADC and OSAR are doubtlessly 
inherent properties of isocitric dehydrogenase, evidence will be presented 
which strongly suggests that oxalsuccinic acid is not a free intermediate of 
the reversible dehydrogenation of isocitric acid to a-ketoglutarate and 
carbon dioxide. 


Methods 


Reagents—In addition to the reagents described in the previous paper 
(1), the following compounds were used: The barium salt of oxalsuccinic 
acid (70 per cent pure) was prepared according to the procedure of Ochoa 
(8). The barium salt was converted to the sodium salt by the usual method 
(8) just before use. NaHCO; was prepared from BaC"O;, obtained on 
allocation from the United States Atomic Energy Commission. The 


* These studies were supported in part by grants from the National Heart Insti- 
tute, National Institutes of Health, United States Public Health Service (grant No. 
H-2006C), and from the Williams-Waterman Fund of the Research Corporation, 
New York. 

t Fulbright Fellow (1955-56), on leave of absence from the Department of Phys- 
iological Chemistry, Johannes Gutenberg Universitat, Mainz, Germany. 

t Established Investigator of the American Heart Association. 

1 The following abbreviations are used: triphosphopyridine nucleotide and re- 
duced triphosphopyridine nucleotide, TPN and TPNH; see formulations in the 
text for OSAR, IDH, and OSADC; tris(hydroxymethyl)aminomethane, Tris; di- 
phosphopyridine nucleotide and reduced diphosphopyridine nucleotide, DPN and 
DPNH. 
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following compounds were obtained from commercial sources and were 
used without further purification: MgSO4-7H2O (A. R.) and MnSO,-H.0 
(A. R.) (Merck and Company, Inc.); sodium salt of p-chloromercuribenzoate 
and TPNH (Sigma Chemical Company); 2,4-dinitrophenylhydrazine 
(Eastman Kodak). 


Assay Procedures 


[ DH? (Isocitrate + TPN* — a-Ketoglutarate + CO. + TPNH + H+)— 
The assay method was as described in the previous paper (1), except that 
the gelatin-Versene solution was omitted from the cell and the enzyme 
dilution was made in 0.1 m Tris buffer. 

A delay in the start of the reaction was observed when enzyme was 
added last to the reaction mixture containing suboptimal amounts of metal 
ion (Mn**). This lag period was eliminated when all reaction components, 
including enzyme, were previously incubated for 15 minutes at room tem- 
perature and the reaction was then initiated by the addition of TPN. This 
sequence of additions was used in all experiments on the metal requirement 
of the enzyme. 

Reductive Carboxylation (a-Ketoglutarate + CO. + TPNH + H+ — Iso- 
citrate + TPNt+)—The reversal of IDH was studied in the following me- 
dium, consisting of 1.0 ml. of 0.1 mM Tris buffer containing 0.001 mM Versene, 
0.2 ml. of 0.02 m MnSO, or 0.3 ml. of 0.02 m MgSOQ,, 0.2 ml. of 0.0015 m 
TPNH in 0.01 m Tris, pH 7.4, 0.5 ml. of 0.1 M a-ketoglutarate, 0.5 ml. of 
0.1 m NaHCO; (thoroughly gassed with carbon dioxide at 25° immediately 
prior to use), 0.05 to 0.1 ml. of enzyme, and enough water to give a final 
volume of 3.0 ml. All reactants were at pH 7.4 unless specified otherwise. 
The blank cell contained all the reactants except TPNH. The reaction 
was started by the addition of enzyme and the disappearance of absorption 
at 340 mu was followed. 

OSAR (Ozalsuccinate + TPNH + H+ — Isocitrate + TPNt+)—The 
medium used to follow this reaction was composed of 1.0 ml. of 0.1 M Tris 
containing 0.001 mM Versene, 0.3 ml. of 0.02 m MgSO,, 0.15 ml. of 0.0015 m 
TPNH in 0.01 m Tris buffer, pH 7.4, 0.4 ml. of approximately 0.015 mM 
oxalsuccinate, 0.05 to 0.1 ml. of enzyme solution, and enough water to give 
a final volume of 3.0 ml. All reagents were adjusted to pH 7.4. The blank 
contained all components except TPNH. The reaction was started by the 
addition of enzyme solution, and the disappearance of absorption at 340 


2? The abbreviations used for the particular chemical reactions catalyzed by the 
enzyme have been described by the formulations below. In order to avoid confu- 
sion, it should be noted that the abbreviation IDH is used throughout this paper 
whenever the enzymatic conversion of isocitrate to a-ketoglutarate and CQO, is 
meant, while the terms ‘‘isocitric dehydrogenase”’ or ‘‘the enzyme”’ refer to the 
enzyme preparation which has been employed in the studies of all of the reactions. 
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my was followed. The enzymatic activity is expressed in units analogous 
to those used for IDH. 

OSADC (Oxalsuccinate — a-Ketoglutarate + CO2)—The decarboxylase 
activity is measured spectrophotometrically at 15° by the method of Korn- 
berg et al. (9), as described by Grafflin and Ochoa (4), with use of the same 
units. 

Deviations in the composition of these assay media will be described in 
the text. 
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Fig. 1. Inhibition of IDH and OSADC by p-chloromercuribenzoate (pCMB). 
IDH, all components of the assay system (see ‘‘Methods’’), except isocitrate and 
TPN, were previously incubated with 0.99 y of enzyme protein (specific activity 
12,600) and inhibitor (»oCMB) for 15 minutes at room temperature before the reaction 
was started by the addition of substrate and TPN. OSADC, all components of the 
assay system (see ‘‘Methods’’) except oxalsuccinate were previously incubated with 
2.97 y of enzyme protein (specific activity 12,600 (IDH)) and inhibitor (pCMB) for 
15 minutes at room temperature, before the reaction was started by the addition of 
oxalsuccinate. @, IDH; O, OSADC. 


Interrelation of IDH and OSADC Activities 


Highly purified preparations of isocitric dehydrogenase having been ob- 
tained (1), it was possible to compare the ratio of IDH to OSADC activity 
over a wide range of purification. Two of the fractions recorded in Table 
I have a specific activity higher than that of preparations previously re- 
ported in the literature; the “purified enzyme” here has a specific activity 
which is 85-fold higher than the initial aqueous extract from which it was 
prepared. Nevertheless, the ratio of the activities of OSADC to IDH re- 
mains substantially the same over the range of specific activities tested. 

A second approach has been used to establish that the IDH and OSADC 
activities reside in the same enzyme molecule. Lotspeich and Peters (10) 
discovered that IDH is inhibited by small amounts of p-chloromercuriben- 
zoate. It was of interest to see whether both the IDH and OSADC 
activities of the purified enzyme can be inhibited. It may be seen (Fig. 1) 
that this is indeed the case. However, it will also be noted that the 
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degree of inhibition at varying levels of p-chloromercuribenzoate is not the 
same for IDH and OSADC. Thus, 2.5 X 10-§m p-chloromercuribenzoate 
is required to give 50 per cent inhibition of IDH, while about 4 * 10-8 m 
p-chloromercuribenzoate is needed for the same degree of inhibition of 
OSADC. This difference in degree of inhibition may indicate that the 
enzymatic sites involved for both activities involve sulfhydryl] groups, but 
that otherwise they are not the same. However, the quantitative com- 
parison of the inhibition of OSADC and IDH by p-chloromercuribenzoate 
is complicated by at least two factors. 

(a) Preliminary incubation of isocitrate or TPN with the enzyme, before 
addition of the inhibitor, greatly decreased the degree of inhibition observed. 
Thus, the inhibition by as much as 3.3 X 10~-§ m p-chloromercuribenzoate 
can be completely prevented when 4 umoles of dl-isocitrate per cuvette 
are previously incubated with the reaction mixture for 15 minutes at room 
temperature before the reaction is initiated with TPN. Under the same 
conditions, 29 per cent inhibition is observed when the reaction mixture is 
incubated with 0.3 wmole of TPN per cell before the reaction is started by 
the addition of isocitrate. However, once the enzyme is inhibited by this 
reagent, the effect cannot be overcome by isocitrate, as indicated by a lack 
of enhancement of the rate of IDH with time. For technical reasons no 
experiments could be performed to test the nature of the effect of oxalsuc- 
cinate on the inhibition of OSADC by p-chloromercuribenzoate. 

(b) The second factor is the unusual sensitivity of this enzyme to the 
inhibitor. It will be noted that 50 per cent inhibition of IDH has been 
obtained at 2.56 & 10-§ m p-chloromercuribenzoate. In the present experi- 
ments, the protein concentration was 0.99 y per cell; for a molecular weight 
of enzyme of 60,000, this corresponds to an enzyme concentration of 5.5 X 
10-° m. In other words, only about 5 molecules of p-chloromercuriben- 
zoate per molecule of enzyme are required to produce 50 per cent inhibition. 
Under such conditions it is likely that the degree of inhibition will vary 
with enzyme concentration. For technical reasons it was necessary to use 
3 times as much enzyme per cell for the assay of OSADC as for IDH. 
If the enzyme concentration is a factor in the extent of inhibition by p- 
chloromercuribenzoate, the fact that a higher level of enzyme was required 
for the OSADC assay may explain why the OSADC was inhibited less than 
the IDH by the same level of p-chloromercuribenzoate. 


Interrelation of IDH, OSAR, and Reductive Carboxylation of a-Ketoglutarate 


Since OSADC activity remains to be exhibited by the enzyme upon 
extensive purification, it is of interest to determine whether this also holds 
for OSAR and the reductive carboxylation of a-ketoglutarate. A compari- 
son of the relative activities of IDH and OSAR of a crude and a purified 
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enzyme preparation (Table I) shows that the ratio of the two activities 
remains about the same, suggesting that both the IDH and OSAR ac- 
tivities are functions of the same enzyme. 

The reduction of oxalsuccinate by TPNH is a rather difficult reaction 
to study in detail because there is substrate disappearance due to OSAR, 
OSADC, and the non-enzymatic decarboxylation. With the purified en- 


TABLE I 
Comparison of Various Activities of Crude and Purified Enzyme 


Enzymatic activity Crude extract* Purified enzymet 


units per ml. enzyme units per ml. enzyme 


IDH versus OSADC 


OSADC 3020 90,000 (3,900) 

IDH 2000 63,000 (2,450) 
OSADC | 

Ratio, [DH | 1.51 : 43 (1.59) 
IDH versus OSART | | 
IDH | 247 | 189 
OSAR | 40 | 28 

3 IDH | 

Ratio, OSAR 6.2 6.7 


IDH versus reductive carboxylation 
IDH 
Reductive carboxylation 


1,200 
140 


* Specific activity (IDH) 150. 

t Specific activity (IDH) 12,600; the numbers in parentheses were obtained with 
an enzyme preparation of specifie activity (IDH) 3100. 

t The standard assay systems were used, except that all reactions were carried 
out at pH 5.6. 6.7 K 10-4 mM Mn** was used as the metal activator in all the tests. 
17 umoles of oxalsuccinate per cell were present in the OSAR experiments. 


zyme both OSAR and OSADC require Mn** or Mgt? for activity; for 
this reason the enzymatic reduction of oxalsuccinate cannot be studied in 
the absence of OSADC. M¢gt* is a less effective activator for OSAR (and 
OSADC) than Mn**, but has the advantage of being a less potent catalyst 
of the non-enzymatic decarboxylation. The rate of total decarboxylation 
of oxalsuccinate with both metals is enhanced at higher pH values; this 
situation is analogous to the greater chemical instability of oxalacetic acid 
in an alkaline reaction mixture (11). If a quantitative evaluation of this 
reaction is desired, it is therefore advantageous to employ Mg** as the 
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activating cation, a low pH, and an elevated concentration of oxalsucci- 
nate (e.g. Table I). 

The most highly purified preparations of the enzyme are also still capa- 
ble of catalyzing the reductive carboxylation of a-ketoglutarate, as can be 
seen in Table I, in which the rates for the reversal of the over-all reaction 
represent the values obtained during the Ist minute of reaction with the 
particular concentration of enzyme used. These values fall off with time 
under the conditions used. It will be seen in a later section that the reduc- 
tive carboxylation is more affected by changes of pH than the other reac- 
tions catalyzed by the enzyme. From an equilibrium point of view, this 
is, of course, the most unfavorable reaction of the four investigated. There- 
fore, it is not surprising that the rate of this reaction is dependent upon the 
concentrations of a-ketoglutarate and NaHCQs. 


Metal Activation 


The cation requirement of isocitric dehydrogenase has been studied 
previously by several investigators (2, 3, 7, 10, 12). In view of the assay 
conditions used here, particularly the inclusion of Versene for purposes of 
stabilizing the enzyme, it was desirable to reinvestigate the quantitative 
aspects of this problem. It has been observed that none of the reactions 
catalyzed by purified isocitric dehydrogenase will proceed in the absence of 
added manganous or magnesium ion. Although a very slow reaction for 
IDH in the absence of these metal ions has been noted with the initial ex- 
tract, this trace of activity can be prevented by raising the Versene level of 
the assay medium. 

The activation by Mnt* and Mg?** in particular has been investigated. 
Zn+* has been tested in a few experiments. When used in the IDH assay 
at 5.3 & 10-4, Zn** gives only 10 per cent of the activity obtained with 
an equivalent amount of Mntt; the metal seems to become inhibitory at 
higher concentrations, since no activity can be obtained at a Zn*+ concen- 
tration of 2 K 10-*m. In all cases, substantially higher Mgt* concentra- 
tions than Mn** are required for activation (Fig. 2). It can be seen that 
at a Mn** concentration of 3.33 X 10-4 m the IDH activity is maximal, 
while at a concentration of 2.73 X 10-4 m only 4 per cent of the maximal 
velocity is obtained. This difference in activity, due to the small change in 
Mn** concentration, can probably be explained by the tight complex of 
Mn++ formed with the Versene (3.3 X 10-4 m) of the assay medium. Since 
the enzyme probably responds only to free Mn**, the narrow concentration 
range of Mn** over which the activity response is observed under the pres- 
ent conditions suggests that the Michaelis constant for Mn** is rather small. 
The same type of response to Mnt+ concentration is also observed for the 
reductive carboxylation reaction. Versene is not a component of the 


. 
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OSADC assay system and the usual activator response is found; the 
Michaelis constant for Mn++ of this reaction is approximately 2.2 & 107-5 
mM. Versene has a similar, though not as pronounced, effect when Mg++ 
is used as an activator for these reactions; this is consonant with the knowl- 
edge that Versene does not form as tight a complex with Mg++ as with 
Mnt*. 

The quantitative aspects of the metal requirement for the OSAR ac- 
tivity of the enzyme have not been studied in as much detail as were those 
for the other reactions; however, here too the presence of either Mg++ or 
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Fic. 2. Effect of Mn*+ and Mg**. All assays were performed as described under 
‘‘Methods,’’ except for the variations of metal ion concentration. Curve 1, IDH + 
Mn*+; Curve 2, reductive carboxylation of a-ketoglutarate + Mn**; Curve 3, OSADC 
+ Mnt+; Curve 4, IDH + Mg**; Curve 5, reductive carboxylation of a-ketoglutarate 
+ Mg**+; Curve 6, OSADC + Mgtt. The same amounts of enzyme were used for 
Curves 1, 2,4, and 5. The units per ml. of enzyme for OSADC (Curves 3 and 6) are 
not directly comparable with those for the other assays. 


Mn++ is absolutely essential for activity. As shown in Fig. 3, there is no 
OSAR activity in the usual assay medium (containing 3.3 X 10-4 Versene) 
in the absence of added metal ions (Curve 2), but OSAR is activated by 
1.3 * 10°? m MgSO, under these conditions (Curve 1). This reaction 
is also activated by the addition of 3.3 X 10-4 m MnSO, (Curve 3), but 
the effect of this metal ion is nullified in the presence of 1 K 10-3 m Versene 
(Curve 4). These results are in agreement with those of Lotspeich and 
Peters (10), who reported a requirement for Mn++ for both the decar- 
boxylase and the dehydrogenase activities of this enzyme. However, 
they are contrary to the early experiments of Ochoa (2) in which a dia- 
lyzed tissue extract was used as the enzyme source, and to the recent experi- 
ments of Moyle (7) with a purified enzyme preparation. Since no metal 
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complex-forming agents were used in Ochoa’s experiments (2), his results 
might be explained by the presence of traces of activating cations in the 
extracts (10). However, Moyle reported that, although IDH activity 
could be inhibited by Versene, the oxidation of TPNH by oxalsuccinate 
could not be inhibited by the addition of ethylenediaminetetraacetate 
to the reaction mixture, and concluded that the oxidation-reduction activ- 
ity of the enzyme did not require the presence of metal ions. In view of 
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Fic. 3. The effect of Mn**+ and Mg*t* on OSAR activity. Curves 1 to 4 contain 
the same quantity of purified enzyme (specific activity (IDH) 12,600). Curves 1 
and 2, usual OSAR assay medium containing 3.3 K 10-4 mM Versene. Curve 1, 1.3 X 
10-? m MgSO,; Curve 2, no MgSO,. Curves 3 and 4, Tris-Versene solution of usual 
assay medium replaced by 0.1 m Tris (both with 3.3 XK 10-4 m MnSO,); Curve 3, no 
Versene; Curve 4, 1 X 10-3 Mm Versene. Curves 5 to 6, same quantity of crude hog 
heart extract (specific activity (IDH) 150), and usual OSAR medium with 3.3 X 
10-4 m Versene. Curve 5, no metal ions at zero time; 3.3 X 10-4 m MnSOQ, added 
at the arrow; Curve 6, 3.3 X 10-4 m MnSO, at zero time; 1 X 10-3 Mm Versene added 
at the first arrow, followed by 1.3 X 10-?m MnSO, at the second arrow. The optical 
densities at zero time vary because the instrument is set arbitrarily at an elevated 
reading when the decline in absorption is measured. 

Fic. 4. Effect of pH. The standard assays were used with 2 X 10-? mM MgSQ, as 
activator. @, IDH; O, OSAR. 


the differences in results, the possible existence of two TPN-linked isocitric 
dehydrogenases was considered. One of these possesses the properties of 
the present purified protein, while the other enzyme might be analogous to 
malic dehydrogenase, 7.e. a distinct ‘‘true”’ isocitric dehydrogenase (catalyz- 
ing the reaction, d-isocitrate + TPN+ = oxalsuccinate + TPNH + Ht) 
not requiring metal ions, as suggested by Ochoa (13). Since the present 
purification procedure might have removed this possible second enzyme, 
tests for the requirement of metal ions were also made with a phosphate 
buffer extract of hog heart (13). The results (Fig. 3) demonstrate that, 
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with crude enzyme, too, there is no OSAR activity in the presence of Ver- 
sene and absence of added metal ions, but that it develops upon the addi- 
tion of Mn** (Curve 5). Furthermore, once the reaction is begun in the 
presence of Mn**, it can be stopped by the addition of an excess of Versene; 
this inhibition in turn can be overcome by the addition of an excess of Mn++ 
(Curve 6). In view of these results, it appears unlikely that hog heart ex- 
tracts contain a non-metal ion requiring isocitric dehydrogenase. The 
discrepancy with the results of Moyle is unexplained. 

Although the presence of metal ions was found essential for all of the 
activities of the enzyme, the data suggest that there might be quantitative 
differences in the concentration of metal required for optimal individual 
activities; for example, when Mg** is used as the activator, OSADC appears 
to require a higher concentration of the metal ion than does IDH (Fig. 2). 
However, since conditions used for the assays of OSADC and IDH differ 
so widely, it would be best to withhold judgment of this aspect of the 
problem until assays have been made under more nearly comparable condi- 
tions. 


Effect of pH 


The pH dependence of IDH, OSAR, and the reductive carboxylation 
of a-ketoglutarate has been investigated. In the presence of Mnt* the 
shape of the pH curve for IDH is the same as previously described for crude 
preparations (14); it has the same broad range of reaction-pH dependency, 
with a peak at about pH 7.7. A curve of similar shape is obtained when 
Mg** is used as the activator (Fig. 4). A similar insensitivity to change 
in acidity is exhibited by OSAR in the presence of Mgt* (Fig. 4). Similar 
results were obtained with Mn** as the activator. The effect of acidity 
on OSADC has not been investigated with the purified enzyme, but it has 
been found by Ochoa and Weisz-Tabori (3) that the rate of oxalsuccinate 
decarboxylation by the hog heart enzyme is about the same at pH 5.6, 6.3, 
and 7.4. In contrast to the relative inertness to changes in pH of the 
previously discussed reactions, the reductive carboxylation appears to be 
rather sensitive to changes in acidity. This reaction is dependent on sub- 
strate concentration, as one may expect under such unfavorable equili- 
brium conditions, and technical difficulties are encountered if one attempts 
to obtain precise values for the velocities of this reaction at different levels 
of acidity. However, by estimating the initial reaction rates one finds that 
the activity is about 8 times higher at pH 7.4 than at pH 8.5, and about 
twice as rapid at pH 5.6 as at pH 7.4. Aside from the possible effect of pH 
on the enzyme as such, this result is not unexpected if one considers that, as 
in other pyridine nucleotide-linked reactions, a lowering of pH would change 
the position of equilibrium towards oxidized TPN. Furthermore, this 
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result would occur if carbon dioxide rather than bicarbonate ton is’ the 
reactive species in the reductive carboxylation of a-ketoglutarate. 


[s Oxvalsuccinate Free Intermediate of Over-AU Reaction? 


Experiments with the purified enzyme indicate that oxalsuccinate be- 
haves like an intermediate of the reversible over-all reaction. Thus, 
oxalsuccinate is decarboxylated to a-ketoglutarate and carbon dioxide by 
the enzyme and can also be reduced to isocitrate by TPNH; this is in agree- 
ment with previous experiments (2, 4, 7). Another prerequisite for a true 
intermediate of an enzymatic reaction, however, is that its formation from 
the appropriate precursors can be demonstrated. Direct evidence for the 
formation of oxalsuccinate from either isocitrate or a-ketoglutarate and 
COz has never been presented; neither has definitive information been ob- 
tained, eliminating oxalsuccinate as a free intermediate of the over-all re- 
action. 

Since chromatographic procedures are available for the detection of oxal- 
succinate (15), attempts were made to demonstrate accumulation of oxal- 
succinate by the oxidation of isocitrate. It has not been possible under any 
of the conditions used here to demonstrate such an accumulation of oxal- 
succinate; only a-ketoglutarate and CO, have been found as products of 
isocitrate oxidation. 

A method even more sensitive than the one mentioned above is the 
application of radioactive carbon compounds for testing this question. 
This has been carried out in two ways. In the first type of experiment, 
the reductive carboxylation of a-ketoglutarate by C™“O:. and TPNH has 
been studied in the presence of an unlabeled pool of oxalsuccinate; the 
radioactivities of remaining oxalsuccinate and newly formed isocitric acid 
have been examined. In the second test, radioactive isocitric acid has 
been oxidized in the presence of a pool of unlabeled oxalsuccinic acid. 

The composition of the medium and the conditions of incubation for the 
study of the reductive carboxylation of a-ketoglutarate in the presence of 
CO. are summarized in Table II. The enzymatic reaction is stopped by 
the addition of 0.15 ml. of 0.1 Nn HCl tothe chilled reaction mixture. The 
remaining radioactive carbon dioxide is removed by alternately gassing the 
reaction mixture with non-radioactive carbon dioxide and with nitrogen. 
The residual oxalsuccinate is decarboxylated with aluminum sulfate (16), 
and the carbon dioxide produced is absorbed quantitatively in a solution 
of barium hydroxide. The resulting BaCQO; precipitate is collected by 
centrifugation, washed, and counted in a gas flow counter after plating. 
Isocitric acid is extracted from the remaining aqueous medium by contin- 
uous ether extraction in the presence of bisulfite under the conditions of 
Wood et al. (17). The resulting ether solution is evaporated to dryness, 
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the residue is taken up in a minimal amount of water, and the aqueous 
phase is made slightly alkaline with sodium hydroxide and_ heated 
for several minutes to assure the conversion of any isocitric lactone, which 
may have formed during ether extraction and evaporation, to isocitric acid. 
The isocitric acid content of the solution is determined with IDH in the 
presence of an excess of TPN, and the radioactivity of an aliquot of this 
solution is determined. The results (Table II) reveal that the specific 
radioactivity of the formed isocitrate (1,740,000 ¢.p.m. per umole) is 224 


TABLE II 


Reduction of a-Ketoglutarate tn Presence of C™Os and Oxidative Decarborylation of 
C'4-Tsocitrale in Presence of Oxalsuccinate Pool 


| pmoles pmoles c.p.m. per umole c. p.m. per umole 
Reductive carboxyla- 
tion* | 
Oxalsuccinate | 24 Y 0 7,760 
Isocitrate | 0 0.123 1,740,000 
Oxidative decarbox- 
ylation ! | 
C'4-Tsocitrate 0.41 183, 000 
Oxalsuceinate | 9.9 2.5 | eo tt 


Specific activity of enzyme (IDH), 12,600. 

* The conditions of incubation and the composition of the medium were the same 
as described under “Methods,” except that 57.5 umoles of NaHC™O; (specific radio- 
activity 2,100,000 ¢.p.m. per umole), 0.87 umole of TPNH, and 2 10°? Mm MgSO, 
were present in a volume of 3.0 ml. 

+ 0.30 umole of isocitrate was found by spectrophotometric assay to have been 
oxidized. The value for the recovered amount is the difference between the initial 
amount and the quantity known to have been oxidized. 

t Probable error of the count, +5 per cent. 


times higher than that of the oxalsuccinate (7760 ¢.p.m. per umole) re- 
covered at the end of the experiment (calculated according to the initial 
amount of oxalsuccinate). However, the specific activity of isocitrate 
compares favorably with that of the C“O.. The latter had a specific 
radioactivity of 2,190,000 c.p.m. per umole at the start of the experiment; 
if one considers that CO. derived from the decomposition of oxalsuccinate 
(7.2 umoles recovered) has diluted the CO: pool during incubation, a specific 
radioactivity of C“O. of 1,700,000 ¢.p.m. per umole can be calculated. 
From these values it appears that the specific radioactivity of the isocitrate 
Was 79 to 100 per cent that of COs. 

Since oxalsuccinate, as judged by the Al.(SO,4); degradation method, 
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represented only a small part of the total radioactivity of the reaction 
mixture, it was thought desirable to ascertain its authenticity by another 
procedure not based on decarboxylation. Therefore, under conditions 
similar to those of the above experiment, the keto acids were isolated as 
the 2,4-dinitrophenylhydrazones at the end of the enzymatic reaction. 
These derivatives have been separated by chromatography on silica gel 
according to the directions of Brummond and Burris (15). It can be seen 
in Table III that oxalsuccinic dinitrophenylhydrazone is significantly 
labeled. 


III 


Reductive Carboxylation of a-Ketoglutarate in Presence of CO. and Oxalsuccinate; 
Chromatographic Identification of Oxalsuccinate 


Fraction, 5 ml. each 
Before 407 
After KG-dinitrophenylhydrazone................................ 607 
OSAt-dinitrophenylhydrazone, approximately 3 total amount ..... 570 
OSA-dinitrophenylhydrazone, approximately § total amount... | 1740 
After 100 


The composition of the medium and the conditions of incubation are the same as 
described under ‘‘Methods,”’ except for the addition of 25 umoles of oxalsuccinate and 
57.5 umoles of NaHCO, (specific radioactivity 2,188,000 ¢.p.m. per wmole). The 
C'4-bicarbonate was not gassed with carbon dioxide before use. Specific activity of 
enzyme (IDH) 12,600. The reaction was stopped by the addition of the 2,4-dinitro- 
phenylhydrazine reagent. The extraction of dinitrophenylhydrazones and the chro- 
matography were carried out according to Brummond and Burris (15). 

* KG, a-ketoglutarie acid. 

t The statistical significance of the count is questionable. 

t OSA, oxalsuccinie acid. 


The conditions for the oxidation of C''-isocitrate in the presence of an 
oxalsuccinate pool are detailed in Table II. The conditions for the decar- 
boxylation of oxalsuccinate are similar to the ones previously described. 
The labeled isocitrate used was isolated from the ether extracts obtained 
from the previous experiments on the reductive carboxylation of a-keto- 
glutarate in the presence of C“O.. Therefore, the 8-carboxyl group of this 
isocitrate should be labeled (18). 0.3 umole of isocitrate (specific radio- 
activity, 183,000 ¢.p.m. per ymole) was oxidized during the 5 minute re- 
action period. If this amount of oxidized isocitrate were to contribute to 
an oxalsuccinate pool of 9.9 wmoles (initial amount), one would expect a 
specific radioactivity of the latter of 5550 ¢.p.m. per umole; however, the 
observed radioactivity was only 4 ¢.p.m. per umole. 
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DISCUSSION 

ther OSADC and OSAR have been established to be inherent properties of 
ions the purified enzyme. However, the finding that oxalsuccinate cannot be 
1 as accumulated from isocitrate by IDH under a variety of conditions and the 
ion. observation of only a minor incorporation of radioactivity into an oxal- 
gel succinate pool, either from labeled isocitrate or from C“%Os, make it unlikely 
een that oxalsuccinate is a free intermediate of the reversible isocitric dehy- 
tly drogenase reaction.* In view of the general catalytic properties of this 


enzyme, it seems possible that the true intermediate of the reaction is an 
enzyme-bound form of oxalsuccinate in equilibrium with free oxalsuccinate. 
The experimental data suggest that this equilibrium between the free and 
ale; the bound forms of oxalsuccinate highly favors the bound form; more likely, 
perhaps, the speed of reaction of bound oxalsuccinate to either product 
(isocitrate or a-ketoglutarate + COs) is considerably faster than the 


yy 
see! equilibrium reaction between free and bound oxalsuecinate. A> similar 
suggestion was recently made by Moyle (7). In this connection, it is of 
interest that, when the reductive carboxylation was studied with C™QOs, 
there not only was a very small labeling of the oxalsuccinate pool, but, also, 
the specific radioactivity of isocitrate formed was very close to the specific 
activity of the COs (79 to 100 per cent). One might have expected a 
iia considerably larger dilution of the specific radioactivity of isocitrate from 
as non-radioactive oxalsuccinate in view of the OSAR activity of the enzyme. 
*s It would be attractive to believe that both isocitrate and oxalsuccinate 
ae are bound to the enzyme at the same points, and that these substrate- 
>. enzyme complexes can be oxidized, reduced, and decarboxylated, respec- 


ro- tively, while fixed tothe same site. The finding of Ochoa and Weisz-Tabori 
(3) that isocitrate competitively inhibits OSADC would support such a 
contention. The present observation that both IDH and OSADC can be 
inhibited with p-chloromercuribenzoate may suggest that the point of 
combination with the enzyme of both substrates is a sulfhydryl group. 

The properties of isocitric dehydrogenase in many ways parallel those of 


an 
i. the “malic”? enzyme (19), a fact which was pointed out by Ochoa (20).4 
d. ’ This evidence does not completely eliminate the possibility that an isomeric 
ed form of free oxalsuccinate is the real intermediate rather than an enzyme-bound 
0- form of this substance. If this were the explanation for the present results, one 
‘is would expect that a change of the pH of the assay medium, which should have an 
~. effect on the amounts of each of the isomers in solution, might have a pronounced 
effect on the OSAR or the OSADC reaction as a result. It has been demonstrated 
ll that these reactions are rather insensitive to a change of pH of the assay medium. 
LO * Because of the apparent analogy between isocitric dehydrogenase and the 
‘a “malic’’ enzyme, Ochoa (13) suggested that the former might be referred to as ‘‘iso- 


citric’? enzyme, a name which has recently been adopted by Moyle and Dixon (6). 
However, it would appear preferable to the present authors to retain the name iso- 


ISOCITRIC DEHYDROGENASE 


However, while OSAR activity is a part of isocitric dehydrogenase, the 
corresponding reduction of oxalacetic acid by TPNH is not catalyzed by 
the ‘“‘malic” enzyme. Also, there is a marked difference in the pH optimum 
of the decarboxylase and the dehydrogenase activities of the ‘‘malic” 
enzyme (21), while this appears not to be the case with isocitric dehydrog- 
enase. ‘‘Malic’’ enzyme and isocitric dehydrogenase are not the only 
examples of enzymes in which the expected intermediary compound of a 
chemical transformation is acted upon by the appropriate enzyme, but is 
not the real intermediate of the enzymatic reaction. Thus Speyer and 
Dickman (22) have presented evidence that, although the transformation 
of cis-aconitie acid to isocitric acid and citric acid can be catalyzed by 
aconitase, free cis-aconitic acid is not an obligatory intermediate of the over- 
all reaction. 

Free oxalsuccinic acid does not seem to be an intermediate of the oxida- 
tive conversion of isocitrate to a-ketoglutarate and COs, catalyzed either 
by TPN-linked isocitric dehydrogenase or the DPN-linked enzyme (14, 
23). Hence it appears that oxalsuccinate is not a true intermediate of the 
Krebs cycle. 


SUMMARY 


Highly purified heart isocitric dehydrogenase catalyzes the oxidation of 
isocitrate to a-ketoglutarate and carbon dioxide and its reversal, the de- 
carboxylation of oxalsuccinate to a-ketoglutarate and carbon dioxide, and 
the reduction of oxalsuccinate to isocitrate. All of these enzymatic ac- 
tivities require the presence of a suitable metal ion (Mgt** or Mn**). 
Both the dehydrogenase and decarboxylase activities are exceedingly sensi- 
tive to inhibition by p-chloromercuribenzoate. 

Although oxalsuccinic reductase and oxalsuccinic decarboxylase are 
inherent properties of the purified enzyme, it is not likely that oxalsuccinate 
as such is a free intermediate of the over-all reaction. This is supported 
by the finding that oxalsuccinate cannot be accumulated from isocitrate 
under a variety of conditions and the observation of only very minor incor- 
poration of radioactivity into an oxalsuccinate pool, either from C'*-labeled 
isocitrate and TPN or from C'QOn:, non-labeled a-ketoglutarate, and TPNH. 
In view of the general catalytic properties of the enzyme, it has been pro- 
posed that an enzyme-bound form of oxalsuccinate is the intermediate of 
the isocitric dehydrogenase reaction. 


citric dehydrogenase, at least as long as evidence is lacking for the separate exist- 
ence of a ‘‘true’’ isocitric dehydrogenase (catalyzing the reaction, d-isocitrate + 
TPN?* (or DPN*) = oxalsuccinate + TPNH (or DPNH) + H*) analogous to malice 
dehydrogenase. 


G. SIEBERT, M. CARSIOTIS, AND G. W. PLAUT 
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A variety of purine and azapurine analogues have been shown to serve 
as substrates for and inhibitors of xanthine oxidase. Thus, in addition to 
its usual substrates, hypoxanthine and xanthine, and its demonstrated ac- 
tivity on certain pterines (1), pyrimidines (2), and aldehydes (3), the fol- 
lowing purine analogues are oxidized by xanthine oxidase: adenine (4), 
2-azaadenine (5), 6-mercaptopurine (6), 2-azahypoxanthine (5), guanine 
(7), and 2,6-diaminopurine (8). Several of these compounds have al- 
ready been shown to be inhibitors of this enzyme as well. It has been 
demonstrated in this laboratory that 8-azaguanine, an effective antitumor 
agent, although not a substrate, is a potent xanthine oxidase inhibitor (9). 

The synthesis of a new series of pyrazolo(3,4-d)pyrimidines has been 
reported recently (10). Some of these purine analogues have demonstrated 
antitumor activity (11, 12). These pyrazolopyrimidines differ from pu- 
rines in that a pyrazole ring instead of an imidazole ring is attached to the 
pyrimidine moiety. This leads to the numbering system shown below. 

It was deemed desirable, therefore, to study further the inhibitor and 
substrate specificities of xanthine oxidase by ascertaining whether these 
pyrazolopyrimidines serve as inhibitors of xanthine oxidase and whether 
they are also oxidizable by this enzyme. Likewise, the possibility of cor- 
relating their potency as xanthine oxidase inhibitors with their carcino- 
static effectiveness was considered worthy of examination. 


EXPERIMENTAL 


Xanthine Oxidase Assay—The dehydrogenase activity of cream xanthine 
oxidase was measured as previously described (13). The inhibition meas- 
urements were routinely carried out by the addition of graded amounts of 
the various pyrazolopyrimidines to spectrophotometer cuvettes containing 
glycylglycine buffer, pH 8.0, dichlorophenol-indopheno], and xanthine as 

substrate. When the oxidation of 4-aminopyrazolo(3 ,4-d)pyrimidine was 

studied, it was added as the substrate in place of xanthine. The enzyme, 

cream xanthine oxidase, was added last and the rate of dye reduction was 

followed by determining the decrease in E99 m, at 1 minute intervals with 
993 
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a Beckman DU spectrophotometer. Control flasks from which the sub- 
strate was omitted were included in each experiment. The linear initial 
slopes were calculated, and the activities reported represent the differences 
in initial rates of dye reduction in the presence and absence of substrate. 
The concentration of substrate and dye was so arranged that the reaction 
rate was a linear function of the enzyme concentration. 
Pyrazolopyrimidine Inhibition of Xanthine Oxidase—The pyrazolopyrim- 
idines were synthesized as previously described (10). Since paper chro- 
matography indicated that the 4-amino-6-hydroxypyrazolo(3 ,4-d)pyrim- 
idine possessed significant contaminants, these were removed by ion 
exchange chromatography before this compound was tested. Table I 
depicts the relative potency of several pyrazolopyrimidine analogues as 
inhibitors of xanthine oxidase; for comparative purposes the inhibition of 
xanthine oxidase by 8-azaguanine is included. 4-Amino-6-hydroxypyrazo- 


TABLE I 


Percentage Inhibition of Cream Xanthine Oxidase by 
Pyrazolo(8 ,4-d) pyrimidine Analogues 


Position of substitution 
Molarity &8-Azaguanine 
4NHoe, 6|OH— 4NH:— 4CH;, NH— 1CH;,4NH2— 
5 X 1077 39 7 ) 3 10 
5 xX 10-6 83 1 7 1 12 
5 X 1075 100 19 1 6 55 
5 X 10-4 100 72 32 28 94 


lo(3 ,4-d) pyrimidine (pyrazoloisoguanine) was found to be a more effective 
inhibitor of xanthine oxidase than even 8-azaguanine (9). 4-Aminopyrazo- 
lo(3,4-d)pyrimidine (pyrazoloadenine), which lacks the 6-hydroxy group, 
shows much less inhibitory action. Substitution on either the 4-amino 
nitrogen or the nitrogen in position 1 of the ring results in a further de- 
crease in the affinity of the inhibitor for the enzyme. Inhibitor concentra- 
tion curves were determined to explore further this striking inhibition by 
the pyrazoloisoguanine; a typical experiment is depicted in Fig. 1. This 
shows that 50 per cent inhibition of xanthine oxidase activity is achieved at 
an inhibitor concentration of | X 10-6 m. The mechanism underlying this 
inhibition was explored in experiments in which the activity was measured 
in the presence and absence of the inhibitor over a wide range of substrate 
concentrations. The results are shown in Fig, 2 in the reciprocal plot of 
Lineweaver and Burk (14). The straight lines obtained in both the pres- 
ence and absence of pyrazoloisoguanine may be extrapolated to a common 
intercept in the “y” axis. This indicates that the velocity of the reaction 


| 
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at infinite xanthine concentration would be the same in both cases, demon- 
strating the competitive nature of the inhibition by pyrazoloisoguanine. 
The calculated K, is 3.0 K 10-4 m and the A; is 1.1 XK 107° M, suggesting 
that the inhibitor may have several hundred times the affinity of the sub- 
strate for a common active center on the enzyme. 


80 


60 


40 


% \NHIBITION 


20 


i216 20' a0 


x10°°M 4-AMINO- 6-HYDROXY 
PYRAZOLO(3,4-d)PYRIMIDINE 


Fic. 1. The inhibition of xanthine oxidase by pyrazoloisoguanine. Each experi- 
mental cuvette contained 2.0 ml. of 0.1 m glycylglycine buffer, pH 8.0, 0.3 ml. of 
5 X 10-4 m xanthine, 0.2 ml. of 20 mg. per cent 2,6-dichlorophenol-indophenol, 0.1 
ml. of xanthine oxidase, the indicated concentrations of pyrazoloisoguanine, and 
water to make the total volume 3.0 ml. 
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2 
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Fic. 2. Lineweaver-Burk analysis of the inhibition of xanthine dehydrogenase 
by pyrazoloisoguanine. Each cuvette contained 2.0 ml. of 0.1 mM glycylglycine buffer, 
pH 8.0, 0.2 ml. of 20 mg. per cent 2,6-dichlorophenol-indophenol, 0.1 ml. of xanthine 
oxidase, various amounts of 5.3 X 10-4 Mm xanthine, and water to make all total vol- 
umes to 3.0 ml. (lower line). A duplicate set of cuvettes contained 0.1 ml. of 5.0 X 
10-§ pyrazoloisoguanine (upper line). 
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Oxidation of 4-Aminopyrazolo(3 ,4-d)pyrimidine (Pyrazoloadenine)—In 
the course of the inhibition studies, control cuvettes lacking the substrate 
xanthine were run at each inhibitor concentration. It was noted that with 
one of the inhibitors, pyrazoloadenine, slow dye reduction took place in the 
absence of xanthine. Omission of either pyrazoloadenine or xanthine oxi- 
dase from the cuvette resulted in no dye reduction. This dye reduction 
constituted strong indirect evidence that xanthine oxidase catalyzed the 
oxidation of the pyrazoloadenine. 

The rate of pyrazoloadenine oxidation by xanthine oxidase was studied 
further in separate experiments in which pyrazoloadenine was the sole 
substrate. Catalytic activity, as a function of pyrazoloadenine concentra- 
tion, is shown in Fig. 3. This curve is that of a typical enzyme-catalyzed 
reaction, with an apparent A, of approximately 3 & 1074 M. 

When xanthine oxidase was incubated with pyrazoloadenine, with oxy- 
gen serving as the electron acceptor, small but definite changes in the ultra- 
violet absorption spectrum indicated chemical alteration of the pyrazolo- 
adenine due to the action of the enzyme. In view of analogous reactions 
catalyzed by this enzyme, it was suggested that oxidation of the pyra- 
zoloadenine at the carbon atom 6 occurred, yielding 4-amino-6-hydroxy- 
pyrazolo(3,4-d)pyrimidine (pyrazoloisoguanine) as the product. To test 
this hypothesis, a preparative experiment was undertaken in which xan- 
thine oxidase was incubated with approximately 2 mg. of pyrazoloadenine. 
The following components were combined in a 50 ml. Erlenmeyer flask: 2.0 
ml. of 0.1 M glycylglycine buffer, pH 8.0, 0.5 ml. of 10 mg. per cent Armour 
catalase “10,” 0.5 ml. of xanthine oxidase, 5.0 ml. of 3 XK 107* mM pyrazolo- 
adenine, and water to bring the total volume to 22.5 ml. Three control 
flasks, lacking either substrate or enzyme or both, were prepared in addi- 
tion to the complete reaction mixture containing all the components. A 
duplicate set of flasks was included containing 5.0 ml. of 90 mg. per cent 
2 ,6-dichlorophenol-indophenol to replace oxygen as the electron acceptor. 
All the flasks were incubated for 24 hours at 30°. 3 ml. of concentrated 
ammonium hydroxide and 5 ml. of 5 per cent silver nitrate in 50 per cent 
ammonium hydroxide were then added to each flask. Storage at 0° for 2 
hours resulted in precipitation of the pyrazolopyrimidines as their silver 
salts. The precipitates were collected by centrifugation and washed with 
dilute ammonium hydroxide. The silver complexes were decomposed with 
dilute HCl, allowing the pyrazolopyrimidines to return into solution. The 
AgCl was removed by centrifugation. This precipitation and dissociation 
were repeated several times to free the pyrazolopyrimidines from possible 
contaminants. Aliquots of the isolated pyrazolopyrimidine solutions were 
then spotted on sheets of Whatman No. 1 paper and subjected to descend- 
ing chromatography with three different solvent systems. Spots of au- 
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thentic pyrazoloadenine and authentic pyrazoloisoguanine (4-amino-6-hy- 
droxypyrazolo(3 ,4-d)pyrimidine) (10) were also applied to the paper as 
standards. With an n-propanol-NH,OH-H.O developing solvent (15), the 
following Ry values were observed: pyrazoloisoguanine, 0.36; pyrazolo- 
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Fic. 3. The xanthine oxidase catalyzed oxidation of pyrazoloadenine. Hach 
cuvette contained 2.0 ml. of 0.1 mM glycylglycine buffer, pH 8.0, 0.2 ml. of 20 mg. per 
cent 2,6-dichlorophenol-indophenol, 0.05 ml. of xanthine oxidase, various volumes 
of 0.03 or 0.003 M pyrazoloadenine, and water to bring the total volumes to 3.0 ml. 


adenine, 0.72; isolation products from the complete reaction mixture, 0.36 
and 0.70; isolation products from the control flask lacking the enzyme, 
0.68. The following Ry values were observed with use of isopropanol-2 
HC! (4:6 v/v), as developing solvent: pyrazoloisoguanine, 0.50, pyrazolo- 
adenine, 0.64, and isolation products from a complete reaction mixture, 0.50 
and 0.64. With n-butanol saturated with NH,sHCO; and H.0! as a de- 


| This solvent system was suggested by Dr. T. D. Price. 
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veloping solvent, the Ry values were for pyrazoloisoguanine, 0.08, pyra- 
zoloadenine, 0.50, and enzyme isolation products, 0.08 and 0.50. These 
results indicate that both the substrate pyrazoloadenine and the reaction 
product pyrazoloisoguanine are present in the complete reaction mixture 
in which pyrazoloadenine was incubated with xanthine oxidase. In the 
control flasks, from which xanthine oxidase was absent, only the substrate 
pyrazoloadenine could be detected. Identical results were obtained with 
either oxygen or dye as the electron acceptor. 

Further evidence in support of the identity of the isolated enzymatically 
synthesized compound and chemically synthesized pyrazoloisoguanine was 
provided by the identical fluorescent behavior of both compounds on paper 
chromatograms. Both fluoresce pale blue when illuminated with the 


OPTICAL DENSITY 


220 240 260 280 300 
m 
Fic. 4. The acid absorption spectra of synthetic (upper curve) and isolated 
(lower curve) pyrazoloisoguanines. 


254 my light of the short wave mercury arc; neither fluoresces when 
illuminated with 366 my light of the long wave mercury arc. 

To confirm further the identity of this catabolite, at the end of the in- 
cubation period an aliquot of the enzymatic reaction mixture was acidified 
and placed on a Dowex 50 ion exchange column and subjected to gradient 
elution with 6 N HCl which flows into a mixer chamber containing 100 ml. 
of 0.6 N HCl. Two discrete ultraviolet-absorbing compounds were de- 
tected in the eluate which appeared at 70 and 90 ml. In a parallel experi- 
ment, with a mixture of synthetic pyrazoloadenine and pyrazoloisoguanine, 
these compounds appeared at 70 and 95 ml. of eluate, respectively. The 
absorption spectrum of the Dowex 50-purified pyrazoloisoguanine isolated 
from the enzymatic reaction mixture was compared with that of authentic 
synthetic pyrazoloisoguanine, and the results are shown in Fig. 4. The two 
absorption curves are indistinguishable. All the evidence presented con- 
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firms the hypothesis that xanthine oxidase catalyzes the following reac- 
tion: 


NH: 
+ Xanthine oxidase 
H HO 
Pyrazoloadenine Pyrazoloisoguanine 


DISCUSSION 


Since, for competitive inhibitors, the degree of inhibition is related to 
affinity of the inhibitor for the enzyme surface at the active center, infer- 
ences can therefore be drawn concerning the topography of the enzyme sur- 
face by noting the relative efficacies of the various pyrazolopyrimidine 
analogues as xanthine oxidase inhibitors. Along with the ring nitrogens, 
the presence of functiona] groups in positions analogous to those substituted 
in the physiological substrates, hypoxanthine and xanthine, seems to re- 
sult in increased affinity for the enzyme. The numerous sites which ap- 
pear to be concerned in binding the substrate or inhibitor to the active 
center of xanthine oxidase may underlie the relatively low specificity of this 
enzyme towards its substrates and inhibitors. 

The oxidation of pyrazoloadenine to pyrazoloisoguanine does not go to 
completion since the product of the reaction is itself a potent xanthine oxi- 
dase inhibitor (Table I and Fig. 1) and limits oxidation of the substrate. 
However, under conditions of substrate saturation, initial reaction rates, 
measured before significant product inhibition has appeared, show that a 
given amount of enzyme oxidizes pyrazoloadenine at a fraction of the rate 
at which it oxidizes xanthine. Thus, although the same active center is 
presumably involved, the turnover numbers for the normal substrate and 
the pyrazoloadenine differ greatly. 

The oxidation of pyrazoloadenine to pyrazoloisoguanine is analogous to 
other oxidations catalyzed by xanthine oxidase. By employing the purine 
system of ring numbering, it can be stated that this enzyme will oxidize 
at the carbon atoms 2, 6, or 8 if these positions are unsubstituted. 

Published information concerning the relative carcinostatic activities of 
the various pyrazolopyrimidines is as yet meager. But it indicates, in the 
three tumors tested, that 4-aminopyrazolo(3 ,4-d) pyrimidine (pyrazoloade- 
nine) is @ more potent carcinostatic agent than is 1-methyl-4-aminopyra- 
zolo(3 ,4-d)pyrimidine (11). As has been shown in this study, the former 
is also a stronger xanthine oxidase inhibitor than is the 1-methy] analogue. 
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It has been demonstrated previously that the effective carcinostatic agent, 
8-azaguanine, is a potent xanthine oxidase inhibitor, whereas the non-car- 
cinostatic 8-azaxanthine is a weak xanthine oxidase inhibitor (9). To this 
extent, a positive correlation between antitumor activity and effective- 
ness as xanthine oxidase inhibitors in vitro is observed. 


SUMMARY 


The inhibitor and substrate specificities of xanthine oxidase have been 
studied by employing a newly synthesized series of purine analogues, the 
pyrazolo(3 ,4-d)pyrimidines. Pyrazoloisoguanine is a competitive inhibi- 
tor of this enzyme, with 50 per cent enzyme inhibition occurring at 1 xX 
10-* m. Pyrazoloadenine exerts weaker inhibition, with 50 per cent in- 
hibition taking place at 10-4 m concentrations. Methylation of the amino 
or ring nitrogens results in still lower inhibitory effectiveness. 

Xanthine oxidase was shown to catalyze the oxidation of pyrazoloade- 
nine to pyrazoloisoguanine. The product was characterized by paper chro- 
matographic, ion exchange, and spectrophotometric techniques. 

The possible relationship between the inhibition zn vitro of xanthine oxi- 
dase and the carcinostatic activities of these compounds has been discussed. 
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bi- Studies by previous workers have established several potential path- 

X ways of pentose biosynthesis in a variety of biological systems. It has 

in- been shown that ribose phosphate may be synthesized by either the direct 

ino oxidative decarboxylation of hexose phosphate or by the series of reversi- 
ble non-oxidative reactions catalyzed by transaldolase and transketolase 

le- (1-5). 

rO- Investigators employing tracer techniques have attempted to determine 
which of these mechanisms is the physiologically important pathway of 

X1- ribose biosynthesis. Bernstein (6), in studies with chicks, compared the 

‘d. patterns of C4 distribution in glycogen with that in ribonucleic acid (RNA) 


ribose and concluded that the decarboxylation of hexose phosphate played 
a minor role in ribose biosynthesis. He suggested that a condensation 
mi of a 2-carbon with a 3-carbon unit was involved in the formation of this 

pentose, and it has since been suggested that these data may be explained 
in terms of the transaldolase-transketolase sequence (7). Plaut and Bro- 
berg (8), studying the incorporation of the isotope from glucose-1-C™ (G- 
1-C"*) and glucose-2-C' (G-2-C"™) into the ribityl portion of riboflavin in 
0, Ashbya gossypii, obtained evidence that both the oxidative decarboxyla- 
tion and non-oxidative reactions participate in the formation of this ribo- 
flavin side chain. Studies in Escherichia coli (9, 10) and in Torula utilis 
(11) revealed that, in these organisms, ribose formation occurs almost en- 
tirely via the decarboxylation mechanism. It is, therefore, evident that 
ud different metabolic pathways for ribose biosynthesis are dominant in var- 
ious organisms. 

It has been demonstrated that the enzymes involved in both the oxida- 
tive decarboxylation of glucose 6-phosphate and the transaldolase and 
transketolase reactions are present in mammalian tissues (12). The pres- 
ent investigation was undertaken in an attempt to determine the rela- 
tive importance of these alternative routes of ribose formation in the rat. 
The formation in vivo of rat liver RNA ribose has been studied by deter- 


* This work was supported, in part, by a grant from the National Cancer Institute, 
United States Public Health Service, and grant No. G-1294 from the National Science 
Foundation. 
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mining the pattern of C™ incorporation into each of the carbon atoms of 
this pentose, CO. and G-2-C" being employed as the tracer sources. It 
was found that the distribution of C™ in ribose is compatible with its for- 
mation by the non-oxidative series of reactions catalyzed by transaldolase 
and transketolase as well as by the oxidative decarboxylation of hexose 
phosphate. The pattern of tracer in the glucose of glycogen was com- 
patible with its formation from (a) free glucose, (b) triose phosphate by a 
reversal of the Embden-Meyerhof pathway, and (c) ribose by a reversal 
of the non-oxidative reactions. 


Methods 


Animal Preparation—Male rats of the Wistar strain weighing between 
175 and 250 gm. were used, and were maintained on Purina chow. For 
a 48 hour period before the experiment, the rats were fasted but were 
allowed water ad libitum. During the fasting period, the animals lost 18 
to 32 gm. in weight. 

In the studies with NaHC™O, (Experiments A and B), each rat was 
given 3 mmoles of lactic acid by stomach tube 1 hour before the intra- 
peritoneal injection of the isotope, in order to facilitate glycogen synthe- 
sis. In the rats which were given G-2-C™ by intraperitoneal injection 
(Experiments C and D), each received 570 mg. of glucose by stomach 
tube 1 hour before isotope administration. All the animals were de- 
capitated 6 hours after the injection of the C-labeled compound. The 
liver of each animal was excised and chilled in chipped ice, and the isola- 
tion of glycogen and RNA was promptly begun. In Experiments A and 
B, the liver from a single rat was employed for the isolation procedures. 
‘Two rat livers were pooled for the isolation procedures in each of Experi- 
ments C and D. 

Isotopic Compounds—The C'-bicarbonate solution was prepared by ab- 
sorbing the C™O, liberated upon acidification of 2 me. of BaC"“Q,; in a 
slight excess of alkali. The radioactive solution was neutralized with 
HCl to the phenolphthalein end point. For Experiments A and B, the 
administered solution contained 6.5 & 10° c.p.m. and 4.1 X 108 ¢.p.m., 
respectively, as determined by counting 0.02 ml. aliquots on glass cover 
slips. Each rat in Experiments C and D was given 10 ue. of G-2-C" in 
1.0 ml. of saline. 

Isolation of Glycogen and RNA Ribose—The excised liver was transferred 
to 10 ml. of cold 7 per cent trichloroacetic acid (TCA), minced with a scis- 
sors, and homogenized at 10,000 r.p.m. for 5 minutes at 0°. To facili- 
tate the extraction of glycogen, 30 ml. of cold 7 per cent TCA were added, 
and the homogenate was kept at 0° for 20 minutes with occasional mix- 
ing (6). This homogenate was then centrifuged and the glycogen was 
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precipitated from the supernatant liquid by the addition of 1.1 volumes 
of cold 95 per cent ethanol. The glycogen was washed with ethanol and 
further purified to constant specific activity by the method of Stetten and 
Boxer (13). 

RNA was isolated from the residue of the homogenate by a modifica- 
tion of the procedure of Davidson and Freeman (14). Duplicate aliquots 
of this TCA-extracted residue were placed in centrifuge tubes and were 
washed with 40 ml. of cold 95 per cent ethanol to remove the TCA, and 
then extracted three times with 40 ml. portions of boiling 95 per cent eth- 
anol and once with boiling absolute ethanol. The ethanol-extracted resi- 
due was then extracted three more times with 40 ml. of 10 per cent so- 
dium chloride solution at 95° with constant mixing for 15 minutes. The 
latter three extracts were pooled and the sodium nucleates were precipi- 
tated by the addition of 2.5 volumes of absolute ethanol; the mixture was 
permitted to stand overnight at 5°. The sodium nucleate precipitate was 
recovered by centrifugation and dissolved in 10 ml. of water. This solu- 
tion was deproteinized by shaking with 2 ml. of 4:1 chloroform-octanol 
mixture, centrifuged, and the gel discarded. Acidification of the liquid 
with 0.3 N HCl and addition of 2 volumes of cold 95 per cent ethanol re- 
precipitated the nucleic acids as the free acids. After removal by cen- 
trifugation, the precipitate was dissolved in 3.0 ml. of 0.4 nN NaOH and 
allowed to incubate overnight at 30°, during which time hydrolysis of the 
RNA to RNA mononucleotides took place, whereas the DNA remained 
polymerized (15). 

To this solution, kept at 0°, 0.3 ml. cf 10 N H2SO, was added, resulting 
in precipitation of the DNA which was removed by centrifugation. The 
supernatant fluid containing the RNA mononucieotides, which was ap- 
proximately 0.5 N with regard to H.SO,, was heated at 100° for 2.5 hours 
to liberate the purine ribonucleotide ribose as the free sugar (6); pyrimi- 
dine ribonucleotides are not hydrolyzed under these conditions. The 
liberated ribose was largely freed from ionic contaminants by passage of 
the acid hydrolysate through a mixed bed ion exchange resin (MB-3, Fisher 
Scientific Company). The entire eluate, which contains the ribose, was 
concentrated under a vacuum and streaked on a sheet of Whatman No. 
1 paper for further purification by descending paper chromatography. 
Known samples of glucose and ribose were placed at adjacent positions 
on the paper and the chromatogram was developed overnight, n-butanol- 
glacial acetic acid-water (4:1:5 v/v) being employed as the solvent (16). 
The portion of the chromatogram, including the two sugar standards plus 
a narrow strip along the region containing the liver RNA ribose, was 
sprayed with aniline-oxalate reagent (17). The chromatogram was then 
placed in an oven at 105° for several minutes. Glucose was identified as 
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a brown spot at an Ry of 0.19, whereas both the known and isolated sam- 
ples of ribose were identified as pink spots at an R, of 0.30. In this man- 
ner, the ribose was separated from possible trace amounts of contaminat- 
ing glucose. The strip on the chromatogram known to contain the 
isolated ribose was cut out and extracted with water in a Soxhlet extrac- 
tor for 30 minutes. This isolated and purified liver RNA purine ribose 
was concentrated under a vacuum to a convenient volume for degrada- 
tion. 

Degradation of Ribose—The isolated ribose was degraded by fermentation 
with Lactobacillus pentosus, a procedure shown to yield acetic acid from 
carbon atoms 1 and 2 and lactic acid from carbon atoms 3, 4, and 5 (18, 
19). In the present experiments, unlabeled ribose was added as a carrier 
to the ribose isolated from liver RNA to provide about 400 umoles of this 
sugar for fermentation. The fermentation of ribose and the isolation of 
the acid products were performed as described by Bernstein (19). The 
acetic acid and lactic acid were degraded as previously described (20). 

Isolation and Degradation of Glycogen—The methods employed for the 
isolation and hydrolysis of glycogen and the degradation of glucose have 
been described previously (20). 

Determination of Radioactivity—Radioactivity measurements, except as 
noted below, were made with a gas flow counter. All CO. samples were 
converted to barium carbonate and counted at infinite thickness (20). In 
view of the relatively low specific activity of the ribose carbons in Ex- 
periments C and D, the radioactivity in these carbons was determined in 
a gas phase counter.' <A sufficient number of counts were made to reduce 
the standard counting error to 3 per cent or less. 


Results 


In the experiments in which CO, was administered, 93.3 and 90.4 per 
cent of the total activity incorporated into the glucose of glycogen were 
distributed essentially equally between G-3 and G-4? (Experiments A and 
B, Table I). The specific activity of G-2 was slightly higher than that 
of G-5 but the total amount of isotope incorporated into these positions 
was relatively small. Carbon atoms 1 through 3 of the liver RNA ribose 
contained a total of 95.0 and 95.3 per cent of the total activity (Experi- 
ments A and B, respectively) with the radioactivity in position 3 > 2 > 
1. The present data in these CO, experiments are in accord with pre- 
vious observations in the chick (5) and in the rat (21). 

With G-2-C" as the isotopic compound administered, 66.0 and 56.9 per 


1 The authors are indebted to Dr. Robert Steele, Brookhaven National Labora- 
tories, Upton, New York, for his assistance in these determinations. 

2 The symbols R and G refer to ribose and glucose, respectively, and the following 
number to the carbon atom. 
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cent of the total activity present in the glucose of glycogen were in G-2 
(Experiments C and D, Table I). Degradation of the administered glu- 
cose-2-C™ revealed that 99.4 per cent of the total activity was originally 
in G-2 (Table II). The pattern of C"™ distribution in these experiments 
showed that G-2 contributed isotope to all the other carbons of glucose, 


TABLE I 


C™ Distribution in Ribose of Ribonucleic Acid and Glucose of Glycogen 
Isolated from Rat Liver 


Per cent total activity* 
Ex- 
Ci C2 C3 C4 Cs} Ce; Ci Ce C3 C4 | Cs 
A 1.7; 3.1 46.2 47.1 0.8 1.219.131.0 44.9 4.1/1.0 
(10.520) (0.394) 
B 1.8 4.5 44.8 45.6 1.41.816.635.2 43.5 3.6/1.1 
(2.840) | (0.602) 
Ct | Glucose-2- |14.765.6 4.0 4.9 6.24.6 24.671.6 3.8 0.00.0 
Ci (17.175) (0.080) 
12.2.66.4 4.8 5.6 7 .0'4.0 
(16.650) | 
Dj | Glucose-2- |18.0/56.8 4.7, 6.3 8.76.018.8'79.6 1.6 0.00.0 
Cu (10.610) | (0.088) 
16.557 .0 7.6 8.66.2 
(7.340) | 


* Specific activity of the most radioactive carbon in each compound is indicated 
in parentheses in millimicrocuries per mg. of carbon. The values for C™ in glucose 
and ribose are not corrected for carrier. Hence, the absolute specific activities of 
glucose carbons cannot be compared with the absolute specific activities of ribose 
carbons. 

t The glucose of glycogen isolated in Experiments C and D was degraded in dupli- 
cate, with different amounts of carrier glucose. 


TABLE II 
C'4 Distribution in Glucose-2-C™ 
Per cent total activity* Specific 
C4 compound degraded activity total 
C2 Cs Cs Cs | 
Glucose-2-C'f 0.2 | 99.4 (94.62) 0.1 0.2 0.0 0.1 15.80 


* Specific activity of the most radioactive carbon is indicated in parentheses in 
millimicrocuries per mg. of carbon. 

t Specific activity of the total compound determined by combustion by the method 
of Van Slyke and Folch (26). 

t Glucose-2-C™ was obtained from Dr. H. Isbell, National Bureau of Standards. 
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the greatest migration occurring from G-2 to G-1. Of the amount of iso- 
tope that was randomized from G-2 to the carbon atoms other than G-1, 
a somewhat greater amount was incorporated into G-5 than into G-3, 
G-4, or G-6. It may be noted that G-1 possessed a considerably higher 
specific activity than G-6. In the ribose of liver RNA isolated in Ex- 
periment C, 65.6 per cent and, in Experiment D, 79.6 per cent of the total 
activity were incorporated into R-2. In Experiment C, R-1 had a rel- 
atively higher specific activity than R-1 in Experiment D. In both ex- 
periments with G-2-C™, a small amount of isotope was incorporated into 
R-3 of ribose, whereas no detectable C' was present in either R-4 or R-5. 


DISCUSSION 


In attempting to evaluate the present data in terms of the intermediary 
reactions which may be involved in the biosynthesis of RNA ribose, the 
following reasonable assumptions have been made: (a) that, in the G-2-C 
experiments, the precursor hexose of ribose is predominantly G-2-labeled, 
and (b), in the CO, studies, the isotope is incorporated into the carboxy 
carbon of the triose and positions 3 and 4 of the hexose precursors of ribose 
(22). If RNA ribose were synthesized solely by the oxidative decarboxy]- 
ation of hexose phosphate, then the isotopic pattern of ribose in carbon 
atoms 1 through 5 would be expected to be similar to that of positions 2 
_ through 6 of glucose. Since in both the G-2-C™ and CQO, studies, the 
pattern of isotope in ribose positions 1 through 5 was quite dissimilar to 
that of glucose carbon atoms 2 through 6, oxidative decarboxylation can 
be ruled out as the sole or primary pathway for ribose biosynthesis. 

In the series of reversible reactions catalyzed by the enzymes trans- 
ketolase and transaldolase (7, 23), 


(1) Fructose 6-phosphate + glyceraldehyde 3-phosphate 
transketolase pentose 5-phosphate + erythrose 4-phosphate 


(2) Fructose 6-phosphate + erythrose 4-phosphate 
transaldolase sedoheptulose 7-phosphate 


+ glyceraldehyde 3-phosphate transketolase 9 pentose 5-phosphate 


G-2 is converted to R-2, which in turn may yield G-3 and, by continued 
cycling via these reactions, R-1 and, eventually, G-1 (Table III). Further 
cycling of this reaction sequence alone will not result in the randomization 
of G-2 to carbon atoms 4 through 6 of glucose or 3 through 5 of ribose. 
Thus isotope, initially in G-2, could by virtue of these reactions migrate 
as follows: G-2 — R-2 — G-3 — R-1 — G-1. From this pattern of rear- 
rangement of carbon atoms, one may predict that, if reversible reactions 
1 and 2 alone are involved in the biosynthesis of RNA ribose and of glu- 
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cose of glycogen, when G-2-C* is the source of tracer, the relative radio- 
activity of carbon atoms within ribose and glucose need be consistent with 
the pattern: R-2 > R-1 and G-2 > G-3 > G-1l. Likewise, isotope, 
initially in G-3, as is the case when CO, is the source of tracer, could mi- 
grate as follows: G-2 <— R-2 <— G-3 — R-1 — G-1 (Table _— Tracer 


in G-4 would not be randomized by these reactions. 


In the experiments with G-2-C", it was found that R-2 was more heavily 
labeled than R-1, which is consistent with the formation of ribose by the 


TABLE III 


Rearrangement of Carbon Atoms by Reactions Catalyzed by Transketolase (TK) 
and T’ransaldolase (7'A) 


Hexose P conversion to pentose P* Pentose P conversion to hexose Pf 

Location of hexose carbons eae Location of pentose carbons 
Position in pentose —- 

TKt TA and TK§ TKI TA and 

1 1 1 

Reaction 1 1 1-3 2 2 2 

as 2 2 2-3 3 2 1 

” 3 4 4-4 4 3 3 

- 4 5 5-5 5 4 4 

” 5 6 6-6 6 5 5 


* As a result of Reaction 1 plus Reaction 2, 3 molecules of pentose 5-phosphate 
may be formed from 2 molecules of hexose 6-phosphate and one of triose phosphate. 

t As a result of a reversal of these reactions, 2 molecules of hexose 6-phosphate 
and 1 molecule of triose phosphate may be formed from 3 molecules of pentose 5- 
phosphate. 

t Reaction 1. 

§ Reaction 2. 

|| Reversal of Reaction 1. 

{ Reversal of Reaction 2 (see the text). 


reactions catalyzed by transaldolase and transketolase as outlined by 
Horecker and Mehler (7). The high specific activity of R-1, however, is 
compatible with some ribose formation from hexose via oxidative decar- 
boxylation. When CQO, was the source of tracer, R-3 was more heavily 
labeled than R-2, and R-2 had a higher specific activity than R-1. As 
indicated above and in Table ITI, if only Reactions 1 and 2 were involved 
in the conversion of hexose to pentose, tracer in G-4 would label R-3, and 
isotope initially in G-3 would be expected to label R-2 and R-1 equally or 
R, greater than R-2 if the newly formed labeled erythrose 4-phosphate 
equilibrated with an unlabeled erythrose 4-phosphate pool. Since R-2 was 
found to have a higher specific activity than R-1, Reactions 1 and 2 cannot 
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be the sole source of biosynthetic ribose. The oxidative decarboxylation 
of 3,4-C'*-hexose would yield ribose with activity in R-2 and none in R-1, 
Thus, the present data are not compatible with RNA ribose biosynthesis 
solely by the reactions catalyzed by transaldolase and transketolase, but 
are in agreement with the predictions based on RNA ribose formation by 
the participation of both oxidative decarboxylation of hexose phosphate 
and the transketolase-transaldolase reactions. 

In considering the pattern of isotope distribution in the glucose of gly- 
cogen with G-2-C" as the source of tracer, it is to be noted that G-2 con- 
tained the majority of the radioactivity incorporated into glycogen, G-1 
had a greater specific activity than G-6 or G-3, and the isotope content of 
G-3 and G-4 was approximately equal. The incorporation of the bulk of 
the isotope into G-2 is probably a consequence of the direct incorporation 
of a fraction of the administered G-2-C"™ into glycogen. The randomiza- 
tion of tracer from G-2-C' to the other carbon atoms of glucose by the 
catabolism and resynthesis of glucose via the reversible reactions of the 
Embden-Meyerhof pathway and tricarboxylic acid cycle would result in 
symmetrical labeling of G-1, G-6, G-3, and G-4. However, the specific 
activity of G-1 was greater than G-6, a finding in general agreement with 
that of Bloom et al. (24). This asymmetric distribution of radioactivity 
as previously suggested (20, 25), indicates that a non-Embden-Meyerhof 
pathway is contributing to the glucose of glycogen of rat liver. The asym- 
metric isotopic content of G-1 is compatible with the formation of glucose 
via the transketolase reaction (Reaction 1 and Table III) from pentose, 
labeled in R-1, derived as described above. The absence of any isotopic 
enrichment of G-3 as compared to G-4, when G-2-C" was the labeled pre- 
cursor, suggests that the series of reactions involving sedoheptulose 7-phos- 
phate as an intermediate (reversal of Reaction 2) may not be as extensive 
or as rapid as is the reaction catalyzed by transketolase alone (reversal of 
Reaction 1). In the studies with COs, although the predominant labeling 
of glucose was in G-3 and in G-4, somewhat more C™ was present in G-2 
than in G-5, which is compatible with the interpretation that the trans- 
ketolase reaction contributes to the hexose phosphate precursor of glyco- 
gen. The asymmetric labeling of G-2 and G-5 has been observed pre- 
viously (20, 25), though it has not been a consistent finding. 

In the absence of more complete knowledge of the relative rates and equi- 
librium constants for the reactions as well as pool sizes of intermediates in- 
volved in hexose and pentose metabolism, quantitative interpretation of the 
present data in terms of net synthesis or exchange type of reactions via the 
various pathways is not possible. Nevertheless, under the conditions of 
the present experiments, studies with CO, and G-2-C" indicate that in 
the liver of intact fasted rats the hexose precursor of glycogen derived from 
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free glucose or the Embden-Meyerhof pathway is in rapid equilibrium with 
pentose via the transketolase reaction. 


SUMMARY 


Fasted rats were given glucose-2-C'" and NaHCO; by intraperitoneal 
injection. The glucose of glycogen and liver ribonucleic acid ribose were 
isolated and degraded by bacterial fermentation methods yielding each 
carbon atom as a separate fraction. 

In the studies with G-2-C", the ribonucleic acid ribose was labeled pri- 
marily in carbon atom 2 and, to a lesser though considerable extent, in 
carbon atom 1. In the glucose of glycogen, tracer was randomized from 
G-2 to G-1 and, to a considerably lesser extent, positions 3 through 6. 
C4O,. administration resulted in glucose with the tracer primarily in car- 
bon atoms 3 and 4 and ribose labeled predominantly in positions 3, 2, and 
1. These findings are compatible with ribose formation by a combination 
of the reactions catalyzed by transketolase and transaldolase and by oxi- 
dative decarboxylation of hexose. The observed patterns of labeling in 
glycogen glucose and ribonucleic acid ribose indicate that there is a rapid 
equilibration in vivo between pentose and hexose pools and that, in addi- 
tion to the Embden-Meyerhof pathway, pentose conversion to glucose via 
the transketolase reaction may play a role in the formation of the glucose 


of glycogen. 


The authors wish to acknowledge the technical assistance of Mrs. Ellen 
Zablow. 
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LACTOSE SYNTHESIS 


I. THE DISTRIBUTION OF C'* IN LACTOSE OF MILK AFTER 
INTRAVENOUS INJECTION OF C'* COMPOUNDS* 


By PER SCHAMBYE,t HARLAND G. WOOD,t ann MAX KLEIBER 
WITH THE TECHNICAL ASSISTANCE OF PaTRICK Siu 


(From the Department of Special Pathology and Therapy, the Royal Veterinary and 
Agricultural College, Copenhagen, Denmark, the Department of Biochemistry, 
School of Medicine, Western Reserve University, Cleveland, Ohio, and the 
University of California, Davis, California) 


(Received for publication, November 15, 1956) 


Glucose of the blood has been considered to be the major source of the 
carbon of lactose in milk, and recent studies with labeled glucose have sub- 
stantiated this conclusion. Kleiber e¢ al. (1) injected! glucose-U-C* in- 
travenously into a lactating cow and found approximately 50 per cent of 
the C' converted to milk lactose. They calculated that about four-fifths 
of the lactose carbon originated from plasma glucose or a pool of metabo- 
lites which were rapidly interconverted with plasma glucose. Similar con- 
clusions were reached by Reiss and Barry (2) from studies with a goat given 
glucose-C, According to previous evidence, the transformation of glu- 
cose to lactose may be considered to occur as follows: 


(1) Glucose + ATP — G-6-P + ADP 
(2) G-6-P = G-1-P 
(3) G-1-P + UTP = UDPG + P-P 


* The investigations at Western Reserve University have been supported by a 
grant from the United States Atomic Energy Commission under contract No. AT- 
(30-1)-1320 and by the Elisabeth Severance Prentiss Fund, Western Reserve Univer- 
sity; at the University of California, Davis, by a grant from the United States Atomic 
Energy Commission, No. AT-(11-1)-34, Project No. 1; and at Copenhagen by the 
Lilly Research Foundation and Statens Alm. Videnskabsfond. The C was obtained 
on allocation from the Atomic Energy Commission. 

Tt Present address, Section of Physiology, Novo Therapeutisk Laboratorium A/S, 
Copenhagen. 3 

t Rockefeller Foundation Fellow. 

1 The following abbreviations are used: ADP for adenosine diphosphate; ATP for 
adenosine triphosphate; C-1, C-2, ete., for carbon of position 1, carbon of position 2, 
etc.; G-1-P for glucose 1-phosphate; G-6-P for glucose 6-phosphate; 6-PG oxidative 
pathway for 6-phosphogluconate oxidative pathway or direct oxidative pathway; 
glucose-U-C" for uniformly C'4-labeled glucose; P for phosphate; P-P for pyrophos- 
phate; UDP galactose for uridine diphosphate galactose; UIDPG for uridine diphos- 
phate glucose; UTP for uridine triphosphate. 
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(4) UDPG = UDP galactose 
(5) UDP galactose + G-1-P — lactose 1-P 
(6) Lactose 1-P — lactose + P 


Gander et al. (3) presented evidence for Reaction 5, and Caputto and 
Trucco (4) and Smith and Mills (5) have isolated UDPG from mammary 
gland. Caputto and Trucco (4) and Maxwell et al. (6) have observed that 
galacto-waldenase is present in mammary gland of rat and that Reaction 
3 occurs. 

Clearly, in this synthesis the two hexose moieties would be expected to 
possess equal labeling and similar C" distribution patterns, since G-1-P is 
the precursor of both glucose and galactose. A number of investigators 
(2, 7-10) have observed similar labeling of the hexoses; however, Schambye 
et al. (11) reported that, when rabbits were given labeled acetate, pyruvate, 
butyrate, or glucose, the C™ distributions in the two hexoses of the milk 
lactose were not identical. The present communication describes an in- 
vestigation of lactose from milk obtained from cows and goats. It has 
been established that the galactose and glucose have distinctly different 
patterns when either acetate-1-C'™ or NaHCO; is given intravenously; 
when either acetate-2-C™ or glucose-1-C™ was administered, the difference 
between the hexoses was not large. 


Methods 


Administration of C'* Compounds and Isolation of Lactose from Milk— 
The procedure was that of Kleiber and collaborators (12, 13), with the 
exception of the goat studies, which were carried out as described by Pop- 
jak et al. (14). Some of the conditions of the experiments are indicated in 
Table III. In certain experiments the lactose was purified by chromatog- 
raphy on charcoal-Celite (15). The combined fractions containing lactose 
were concentrated to a small volume, and hot ethanol was then added to 
70 to 80 per cent concentration to obtain crystallization. 

Isolation of Glucose and Galactose—0.7 to 0.8 gm. of lactose was hydro- 
lyzed by heating in 15 ml. of 1 N H2SO, for 5 hours in a boiling water bath. 
Sulfate was removed with barium hydroxide. The sugar solution was con- 
centrated to a small volume, placed on a heavy blotting paper disc, and 
evaporated to dryness in a current of warm air. The disc was placed on a 
column of cellulose powder (Whatman, standard grade, ashless), 20.5 inches 
in length and 1.5 inches in diameter, prepared by suspending the cellulose 
in butanol-water and packing small portions with a ramrod as directed by 
Hough et al. (16). The solvent was prepared by mixing 3 parts of butanol 
saturated with H.O at 25° with 1 part of anhydrous butanol, and was passed 


through the column at 25° at a rate of 1 ml. or less per minute and was 
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collected in 15 ml. fractions. The glucose began to appear when approxi- 
mately 2 liters of solvent had passed through the column; an additional 1.5 
liters removed both the glucose and galactose as slightly overlapping frac- 
tions. The column was regenerated by passing through it in succession 1 
liter of H.O, 1 liter of ethanol, and 1 liter of the butanol solvent. The 
sugar was determined by the anthrone reaction (17) upon aliquots of the 
eluate after evaporation of the solvent at 100°. The composition of the 
various “‘borderline”’ fractions of sugar was examined by chromatography 
on Whatman No. 1 paper with a solvent mixture of isopropy! alcohol and 
water (9:1, v/v); 100 y of total sugar were placed on each spot (18, 19). 
About ten overlapping fractions were discarded. Pure or nearly pure sugar 
fractions were combined, without addition of water, and the solvent was 
evaporated to about 5 to 10 ml., at which time crystallization usually be- 
gan. In some cases glucose did not crystallize by this procedure. In these 
instances it was evaporated to dryness, dissolved in boiling absolute etha- 
nol, and then concentrated to about 3 to 5 ml. when crystallization oc- 
curred. The melting point of the galactose was 165-166° and of the 
glucose 145-147°. About 0.25 gm. each of glucose and galactose was 
recovered. 

Degradation of Sugars with Leuconostoc mesenteroides—The sugars were 
degraded with a suspension of cells as described by Bernstein eé al. (20) 
except for the following modifications. The fermentations were conducted 
in 2-necked round bottomed flasks, and the COs arising from C-1 was 
swept with nitrogen into a weighed quantitative CO, absorber containing 
2.5 ~ NaOH. The progress of the fermentation was determined by the 
rate of CO, evolution. The lactic acid was chromatographed on Celite 
and was oxidized with MnO, to CO» and acetaldehyde. The acetaldehyde 
was oxidized with dichromate to acetic acid by the same procedure used for 
the ethanol oxidation. Acetic acid was degraded by the Schmidt reaction 
(21). 

Cells used for the galactose degradation were adapted to this sugar by 
serial transfer on media in which the glucose was gradually replaced by 
galactose, and the culture thereafter was maintained on galactose medium. 

Pertodate Degradation of Galactobenzimidazole—The synthesis and deg- 
radation of the galactobenzimidazole were identical with that described 
for glucobenzimidazole (20) except that the 2-benzimidazolealdehyde was 
oxidized by combustion to CO,. This procedure yielded the average spe- 
cific activity of C-1 and C-2 combined. C-3, C-4, and C-5 were obtained 
as formate and C-6 as formaldehyde. | 

Degradation of Sugars with Lactobacillus casei—The procedure was based 
on the degradation described by Wood et al. (22). Washed cells of L. 
casei, when grown on glucose, will ferment glucose but not galactose. L. 
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casei may be adapted to galactose, and washed cells which have been grown 
on galactose medium will ferment galactose to lactate quantitatively. A 
degradation of a glucose and galactose mixture can therefore be accom- 
plished with L. casei without separation of the sugars. The sugar mixture 
is first fermented in a 150 ml. Warburg flask with cells grown on glucose. 
When the rate slows down abruptly to a low level, the fermentation is 
stopped by acidification with H,SO,. The resulting lactic acid is removed 
by ether extraction from the acid solution after removal of the cells by cen- 
trifugation. The lactic acid derived from glucose is then degraded. The 
residue of the ether extraction is freed from ether, neutralized, and the 
galactose is fermented with galactose-adapted L. casei. The resulting lac- 
tate from the galactose is extracted with ether and degraded. The method 
has the advantage that it is much more rapid than the L. mesenteroides 
degradation, which requires separation of glucose and galactose since 
washed cells of L. mesenteroides, even when unadapted to galactose, do fer- 
ment galactose slowly. However, the L. case procedure possesses the dis- 
advantage that the carbons of the sugar are obtained in pairs rather than 
as single carbon fractions. 

Determination of C'*—Radioactivity was measured by gas phase CO, 
counting (23) and calculated as counts per minute per micromole of carbon 
or per micromole of compound. The average micromolar specific activities 
of the lactose, glucose, and galactose were determined by combustion (24) 
and by multiplying the specific activity of the CO2 by the number of car- 
bons in the compound. 


RESULTS AND DISCUSSION 


The reliability of the L. mesenteroides degradation of glucose has been 
thoroughly tested (20), but it was necessary to determine the reliability of 
the degradation of galactose by this organism. For this purpose a sample 
of galactose-C'* was degraded both by fermentation and by conversion to 
galactobenzimidazole and oxidation with periodate. The results of the 
two types of degradation are shown in Table I (Experiments 1 and 2). 
It is seen that the average of the specific activities of the individual carbons 
as obtained by the bacterial degradation is in fair agreement with the val- 
ues obtained by chemical degradation; C-1 and C-2 agree closely, the aver- 
age of C-3, C-4, and C-5 is 6 per cent low, but there is poor agreement in 
the case of C-6. The reason for this poor agreement is not clear, but this 
discrepancy does not appear to be of major significance in the interpreta- 
tion of the present results, since C-6 was found to have low C™ activity in 
most of the sugars degraded. In addition, chemically synthesized galac- 
tose-1-C'4 has been fermented with L. mesenteroides (Experiment 3, Table 
I). There was a slight cross contamination from C-1, the highest being in 
C-2, which was 0.8 per cent of C-1. 
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or The degradation of lactose by L. casei involving selective fermentation 
of the glucose and galactose has not been investigated extensively, but the 


ture TABLE I 
one Comparison of L. mesenteroides Degradation of Galactose and Periodate 
Nn 1s Degradation of Galactobenzimidazole 
ved The values represent the specific activity in counts per minute per micromole of 
C. 
The : 
Experi- 

the ment Type of degradation C-1 C-2 C-3 C-4 C-5 C-6 

oO. 
lac- 
hod 1 | L. mesenteroides 2.20 | 4.24 | 24.1 | 30.6 | 0.55 | 1.22 
des 
nce 3.22 18.4 1.22 
er- 
lis- 2 | HIO, oxidation of 3.29 19.6 0.44 
an galactobenzimida- 

zole | 

, 3 L. mesenteroides with | 183.0 1.45 0.10 0.77 0.41 0.88 
galactose-1-C' 


Galactose of Experiments 1 and 2 is from Experiment 1, Table III. Galactose-1- 


les 
4) C4 of Experiment 3 contained 176.8 c.p.m. per umole. 
ai TaBLeE II 
Change with Time of C'* Distribution in Lactose of Cow Milk after Intravenous 
Injection of NaHC'40;, L. caset Degradation 
; Specific — Specific Recovery of 
of Time activity Hexose activity C of lactose 
of lactose of C-3,4 in degradation 
le C-1,6 C-2,5 C-3,4 
hrs. per cent 
| 0 - 3.4 120.8 Glucose 4.3 3.0 100 27.7 99.8 
: Galactose 6.1 10.5 100 26.2 
. 3.4- 9 124.3 | Glucose 2.9 3.8 | 100 29.6 102.1 
- Galactose 9.7 15.5 100 25.5 
. 9 -22.3 33.1 Glucose 5.8 6.7 100 6.9 101.5 
’ Galactose | 11.8 21.5 100 6.8 
, Milk samples and lactose purification are described in Table III, Experiment 3. 


) results indicate that it may not be completely reliable. Data from the 
L. casei degradation are shown in Table IT. The L. casei and L. mesen- 
| teroides degradations may be compared, since the lactose from the 3.4 to 9 
hour time interval of Table II and lactose from Experiment 3, Table ITI, 
are the same. The specific activity for C-1,6 for galactose is calculated to 
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be 13.1 (with C-3,4 as 100) in the L. mesenteroides degradation (Table 
III) as compared to 9.7 by the L. casei procedure (Table II), and for C-2,5 
it is 20.5 as compared to 15.5. It thus is apparent that there is a considera- 
ble discrepancy between the two degradations. AI] degradations other 
than those of Table II were therefore carried out with L. mesenteroides. 

The experiments of Table II were performed to determine whether the 
C™ distribution of lactose changes with time. Kleiber e¢ al. (13), in study- 
ing CO, fixation in the milk constituents of cows, found that the ratio of 
the specific activity of the milk products to that of the CO2 changed with 
time. From this, they concluded that there are several different metabolic 
pathways involving different delays in carbonate fixation in milk compo- 
nents. For example, one pathway might involve fixation of CO: via the 
liver, and another direct fixation in the mammary gland. Table II shows 
that the distribution pattern of C'™ in lactose changes with time; 7.e., the 
amount of C' increases in the 1,6 and 2,5 positions in the galactose in 
_ relation to the 3,4 positions. Interpretation of the changes is not possible 
at the present time, but it is clear that the time of sampling is an important 
factor in relation to the C™ distribution patterns. 

The results presented in Table III are from experiments in which differ- 
ent C'* compounds were employed and the distribution of the C™ was deter- 
mined in the glucose and galactose of the milk lactose. All the lactose sam- 
ples of Table III are from cow’s milk except that of Experiment 2, which is 
from goat’s milk. In order to simplify the comparison of the distribution 
pattern of the hexose, the specific activities have been expressed as per cent 
of C-4. The actual activity per micromole of carbon may be calculated 
from the value of C-4. The recovery of C" in the degradation was calcu- 
lated from the sum of the specific activities of the individual carbons and 
the total specific activity of the compound as determined by combustion. 
The recovery varied from 91.9 to 100.3 per cent and is considered within 
the limits of error with the possible exception of the galactose degradation 
of Experiment 4, Table III. The sum of the activities of the glucose and 
galactose agreed with that of the lactose, indicating that the sugars were 
pure. 

In these experiments the specific activities of the glucose and galactose 
were approximately equal. This finding is in agreement with the results 
of other investigators (2, 4, 7-10). Thus it might be considered that glu- 
cose is the sole precursor of galactose or that both hexoses are synthesized 
at the same rate and by similar mechanisms. However, the distribution 
pattern of C'™ in the galactose differed from that of the glucose, particularly 
when acetate-1-C'™ or NaHC"™O; were the sources of the label. Recently 
Baxter et al. (10) found no indication of such a difference and state that all 
the evidence points to a common precursor within the mammary gland for 


E 
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able the two monosaccharide moieties of lactose. In part, this conclusion was 
2.5 based upon a degradation yielding the combined average specific activities 


Tasie III 
ther Distribution of C'* in Glucose (Glu) and Galactose (Gal) of Lactose of Milk 
Degradation 

| com | C4 = 100 | Bes 
‘ith CA C2) C3 C5 | Co 
olic | c.p.m | C.p.m | | | c.p.m. | per 
po- | gts | | cont 
the 1 CH;C“OOH 128.7) Glu 64.5 4.0, 4.0, 73.7100, 3.033.6 | 96.8 
Ws Gal 63.1 7.2 13.9 78.8100 1.8 4.0 30.6 99.8 
the 2 CH;C'OOH 231.0 Glu 107.0 3.2, 4.4 78.2100, 2.3 2.452.8 94.0 
| Gal 117.7 13.2 22.7 65.7100 3.2 1.653.9 | 94.7 
3 NaHC“O, 119.6 Glu | 61.2 4.4. 5.9 67.9100 0.8 2.732.2 | 95.4 
ble Gal 59.0 14.9 31.1) 66.2100 3.0 6.926.4 99.1 
ant 4 |\CH;C4OOH 165.8 Glu | 80.7 104 95 100111 (105 (12.9 | 98.2 

Gal 81.3106 93 87 100 107 101. 12.6 | 91.9 
er- 5 Glu-1-C™% 793.0 Glu 464.0 17,800 204 120 }100)151 234 2.47, 99.8 
| | Gal 378 0 7,340 215 374 100 94 791 4.27 100.3 
m- * Experiment 1, cow milk obtained 3 hours after injecting 4.7 mc. of acetate-1-C™ 
| is intravenously. Lactose purified according to Kleiber e¢ al. (13). Cow weighed 414 
on kilos and produced approximately 5 kilos of milk daily (Kleiber e¢ al. (25), Table II, 
nt Acetate, Trial III, Period 1); Experiment 2, goat milk from first 6 hourly milkings 


ed by Popjék et al. (14). 5 me. of acetate-1-C™ given intravenously to goat weighing 
, 53 kilos. Lactose crystallized by Popjdk et al. (26), purified on charcoal-Celite 


‘u- column (13), diluted 11.2 times with lactose-C, and recrystallized; Experiment 3, 
nd cow milked 3.4, 9.9, and 23.3 hours after injecting 5 mc. of NaHCO;-C" intrave- 
yn. nously. Lactose crystallized (13) from the 3.4 to9.9 hour milk. Jersey cow weighed 
in 459 kilos and produced approximately 6 kilos of milk per day (Carbonate, Trial 

XI); Experiment 4, cow milked 3 and 11 hours after injecting 3.86 mc. of acetate-2- 
= C intravenously. Lactose crystallized (13) from the 3 to 11 hour sample, then di- 
nd luted 1.65 times with lactose-C? and recrystallized. Jersey cow weighed 465 kilos 


re and produced 7.6 kilos of milk per day (Acetate, Trial X); Experiment 5, cow milked 
3 hours after injecting 1.78 me. of glucose-1-C"' intravenously. Glucose and galac- 
tose were separated on cellulose column, crystallized, and diluted 4.04 times before 


- degradation. Lactose specific activity is calculated on basis of similar dilution. 
ts Cow weighed 423 kilos and produced 9 kilos of milk per day (Glucose, Trial VD. 
u- The C"™ values have not been corrected for the above dilutions by lactose-C", glu- 
“d cose-C!?, or galactose-C'?. Designations in parentheses are those of the “Davis 


Tracer Team.” 

lv of C-1, C-2, and C-3, and also C-4, C-5, and C-6 of the two hexoses. How- 
ly ever, it is seen from Table III that only through a degradation giving the 
Il individual carbons does the difference in the C™ pattern of the glucose and 
nr galactose become clearly evident. 
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The distribution in the glucose will be considered first. In Experiments 
1, 2, and 3, Table IIT, the distribution is unsymmetrical, C-3 having a lower 
specific activity than C-4. This distribution is in contrast with the equal 
activities found in C-3 and C-4 of the glucose of liver glycogen when Na- 
HCO, was administered to fasted rats (20) and also to the equal labeling 
in C-3 and C-4 found in urinary glucose of diabetic dogs given palmitate- 
1-C™ (27). However, conditions such as the nutritional state of the ani- 
mal influence the distribution of C' (28, 29). Liver slices from fasted rats 
fixed CO, equally in C-3 and C-4 of the glycogen in liver slices, but with 
slices from well fed rats C-3 had a lower activity than C-4 and the dif- 
ference was accentuated in the presence of glycerol (29). 

The glucose portions of the lactose samples of Experiments 1, 2, and 3, 
Table III, possess C patterns like those which are expected to occur in the 
liver glycogen of non-fasted animals; 7.e., most of the activity is in C-3 
and C-4, and C-3 has a lower activity than C-4. 

Examination of the galactose of Experiments 1, 2, and 3, Table III, 
shows that the major difference between the glucose and galactose dis- 
tribution is in C-1 and C-2. The galactose has much more activity in 
these positions than does the glucose. The decrease in activity from C-4 
to C-1 is of particular interest. Such a distribution of C' could be expected 
if glucose-3 ,4-C'™ passed through the 6-PG oxidative pathway and the 
product was recycled. The role of this pathway in the distribution of the 
C will be considered by Wood et al. (30). 

In Experiment 4, Table III, when acetate-2-C' was used, both hexoses 
were almost uniformly labeled. Time may be an important factor in rela- 
tion to this uniformity. In liver glycogen of fasted rats, 2.5 hours after 
acetate-2-C™ had been administered, Lifson et al. (31) found the specific 
activity to be about 50 per cent higher in C-1,6 and C-2,5 than in the 
C-3,4. However, in Sakami’s experiments (32), when the time was 14 
hours, the distribution was more nearly uniform. In the present experi- 
ment milk was utilized which was collected during the period of 3.0 to 11 
hours. Perhaps the distribution would have been less uniform if an earlier 
sample of the milk had been degraded. 

In Experiment 5, Table III, when glucose-1-C™ was the source of C", 
the galactose had a lower specific activity than the glucose (378 compared 
to 464 or 81 per cent). This observation is similar to that of other inves- 
tigators. Butterworth? degraded the lactose from a cow given glucose-1- 
C* and found that the galactose contained 79 per cent of the activity of the 
glucose, and Barry (8) observed a value of 66 per cent in goat lactose. In 


2? Private communication, E. M. Butterworth, School of Veterinary Medicine, 
University of California, Davis, California. 
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~nts a perfusion experiment with glucose-1-C' Dimant et al. (9) found 88.5 
wer percent. In contrast, when glucose-U-C"™ was given, the specific activities 
jual of the glucose and galactose were found to be equal in goat lactose (Reiss 
Na- and Barry (2)) and rabbit lactose (French et al. (7)). The different results 
ling with glucose-1-C' and glucose-U-C™ may arise because more C-1 is lost 
ite- through the 6-PG oxidative pathway during formation of the galactose 
uni- moiety than during the formation of the glucose moiety. 

‘ats A further test of the reliability of the L. mesenteroides degradation has 
‘ith been obtained through Experiment 5, Table III. Butterworth? has de- 
lif- termined the C™ distribution by chemical degradation of a sample of lac- 
tose from an experiment similar to Experiment 5, Table III. He converted 
| 3, the glucose and galactose to gluconic and galactonic acids, which were oxi- 
the dized with periodate. On the basis of the total activity of the hexose, 
5-3 Butterworth found the following distribution in per cent of the total label- 
ing of the hexose: glucose C-1 = 94.5, C-6 = 1.5; galactose C-1 = 79.8, 
II, C-6 = 9.1. By L. mesenteroides degradation, the corresponding values 
lis- (Table III) are glucose C-1 = 95.5, C-6 = 1.2, and galactose C-1 = 83, 


in C-6 = 8.8. From these results it is clear not only that the galactose has a 
y lower activity, but that its C'* is more widely distributed in the 6-carbon 
ed chain and that the two methods of degradation agree reasonably well. 
he There seems to be no obvious explanation of the C" distribution in carbons 


he other than C-1 of the hexoses, although the C4 in C-6 might be due to triose 
isomerase activity. It seems unlikely that the C™ in C-3 is a result of CO 
$eS fixation because C-4 should likewise acquire equal C by this mechanism. 
la- Korkes (33) has presented a discussion of the randomization of C" of hexose 
er through reactions known to be catalyzed by enzymes of the 6-PG oxidative 
fic pathway. It is of interest that C-1 is randomized into other positions by 
he these reactions. 


14 It is apparent from Table III that the glucose moiety of the lactose has 
ri- a distribution similar to that expected of the free blood glucose but differs 
11 from the galactose. With glucose-1-C' the glucose moiety is almost ex- 


clusively labeled in C-1, and with acetate-1-C'* or NaHCO; it is labeled 


a6 predominantly in C-3 and C-4. It is therefore proposed that the glucose 
- moiety arises from free glucose which is in equilibrium with the blood glu- 
.d cose. In contrast it is proposed that the galactose moiety arises from hex- 
re ose phosphate esters formed in the mammary gland. The C" distribution 
1. in the galactose is believed to reflect more directly the events occurring in 

the gland, and in general the C" distribution is more complex in the galac- 
“ tose moiety than in the glucose. The possibility that known mechanisms 
In of metabolism can offer an explanation of the C™ distribution in the galac- 


tose will be considered by Wood et al. (30). Further evidence will also be 
presented that the glucose moiety is derived from free glucose. 
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SUMMARY 


Milk lactose has been obtained from cows which were given intravenous 
acetate-1-C'4, NaHC™O;, acetate-2-C™, or glucose-1-C'* and from a goat 
which received acetate-1-C'*. The C" distribution patterns in the glucose 
and galactose moieties have been determined by degradation with Leu- 
conostoc mesenteroides and compared. The following results have been ob- 
tained. 

1. The glucose and galactose moieties of all lactoses contained approxi- 
mately equal activities, but the distribution of the C' differed in the two 
hexoses. 

2. With acetate-1-C'* and NaHCO; the C-4 carbon of both hexoses con- 
tained the highest activity, but the C™ distribution was much less sym- 
metrical in the galactose than in the glucose. In the galactose the specific 
activities were C-4 > C-3 > C-2 > C-1 > C-5 or C-6. The C" distribu- 
tion in the glucose was similar to that expected to occur in the blood glu- 
cose. 

3. With acetate-2-C"™, both sugars were similarly and quite uniformly 
labeled. 

4. With glucose-1-C™ the galactose had a lower activity than the glucose 
and 17 per cent of the C™ was in positions other than C-1. These carbons 
contained only 5 per cent of the C™ in the glucose. 

5. It is suggested that the glucose moiety of lactose may originate from 
free glucose (in equilibrium with blood glucose) and the galactose from 
hexose phosphates formed in the mammary gland. A pathway of synthesis 
of galactose other than via the direct conversion of the 6-carbon chain of 
glucose is indicated. This second pathway which probably involves syn- 
thesis from small molecules may account for only a small part of the galac- 
tose of the lactose. 
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LACTOSE SYNTHESIS 


Il. THE DISTRIBUTION OF C* IN LACTOSE OF MILK FROM THE 
PERFUSED ISOLATED COW UDDER* 


By HARLAND G. WOOD,t PER SCHAMBYE,t ann GEORGES J. PEETERS 
WITH THE TECHNICAL ASSISTANCE OF PATRICK SIU 


(From the Department of Biochemistry, School of Medicine, Western Reserve University, 
Cleveland, Ohio, the Department of Special Pathology and Therapy, the Royal 
Veterinary and Agricultural College, Copenhagen, Denmark, and the 
Institute for Physiology and Pharmacology, Veterinary School, 

University of Gent, Gent, Belgium) 


(Received for publication, November 15, 1956) 


The distribution of C™ in milk lactose after intravenous injection of 
various labeled compounds has been determined by Schambye, Wood, and 
Kleiber (1), who found that the C™ pattern of the glucose differed from 
that of the galactose particularly when acetate-1-C'* or NaHC™“QO; was 
administered. They proposed that free glucose (in equilibrium with blood 
glucose) was the precursor of the glucose moiety, whereas the hexose phos- 
phate esters synthesized in the mammary gland directly from glucose and 
from smaller molecules were the sources of the galactose residue. The in- 
terpretation of these experiments in vivo is complicated by the difficulty 
of differentiating changes which originated in the udder’s own metabolism 
from those that occurred in other organs. It therefore was desirable to 
conduct experiments in which the contribution of C' from the liver to the 
blood glucose was eliminated, and all synthesis was confined to the mam- 
mary gland. The synthesis of lactose in slices or homogenates of mammary 
gland has been accomplished with carbohydrates as substrates (2-8) but 
has not been reported with acetate. However, Cowie ef al. (9) found that 
acetate-1-C™ is incorporated into lactose by the isolated perfused cow 
udder; this system therefore appeared to be the most suitable for the test. 

The results obtained with cow udder perfused with acetate-1-C™ or 
propionate-1-C' confirm previous proposals (1) for the synthesis of lactose. 
The C™ was found almost exclusively in the galactose moiety of the lac- 


* This investigation at Western Reserve University has been supported by a grant 
from the Atomic Energy Commission under contract No. AT-(30-1)-1320 and by the 
Elisabeth Severance Prentiss Fund, at Copenhagen by the Lilly Research Founda- 
tion and Statens Alm. Videnskabsfond, and at Gent by the Belgian I. R. 8S. I. A. 
Foundation. 

t Rockefeller Foundation Fellow. 

t Present address, Section of Physiology, Novo Therapeutisk Laboratorium A/S, 
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tose, and furthermore the C™ distribution was unsymmetrical in the six 
carbons. 


Methods 


Perfusion and Collection of Milk—Lactating cows from the slaughter- 
house that produced at least 10 liters of milk daily were used. The udder 
was emptied as completely as possible by milking, oxytocin being injected 
intravenously. The cow was then shot and the udder was removed im- 
mediately and completely bisected along the median septum. The halves 
were first perfused with saline at 38° for a few minutes to remove blood 
from the vessels. The teats were cut off at the tip and cannulae inserted, 
residual milk being allowed to drain from the cisterns; this milk was dis- 
carded. The halves were perfused separately (Peeters and Massart (10)) 
for 2 hours at 38° and at constant pressure with heparinized and oxygen- 
ated blood to which acetate-1-C™ or propionate-1-C'* was added. The 
milk secreted during the perfusion was collected and the udder was emptied 
at the end of the perfusion by addition of oxytocin to the blood (Table I). 

Isolation and Degradation of Lactose—The method of isolation of the 
lactose and its purification are indicated in Table I. The hydrolysis of 
the lactose, separation and crystallization of the glucose and galactose, the 
degradation by Leuconostoc mesenteroides, and the determination of radio- 
activity are described by Schambye et al. (1). 


RESULTS AND DISCUSSION 


The results of the degradations are shown in Table I. The sum of the 
activities of the glucose and galactose accounts for the C™ of the lactose, 
indicating that the sugars were pure. The recovery of C™ in the degrada- 
tions was satisfactory, except with the galactose of Experiment 2 in which 
case the recovery was 84.5 per cent. With the glucose of Experiment 3, 
because of an accident, the C-2' could not be measured accurately, but it 
certainly did not contain all the missing C'*. There was no obvious reason 
for these low yields. Because of their low C™ content, the values for C-1, 
C-2, C-5, and C-6 of glucose are subject to substantial error. These sam- 
ples had only 2 to 5 ¢.p.m. above background. 

There are two noteworthy results shown in Table I: the unsymmetrical 
distribution of the C'™ in the galactose and glucose and the striking differ- 
ence between the total activities of the glucose and galactose. Practically 
all the C™ of the lactose was in the galactose (92 to 96 per cent), which is 


' The following abbreviations are used: C-1, C-2, ete. for carbon of position 1, 
position 2, ete.; G-1-P for glucose 1-phosphate; G-6-P for glucose 6-phosphate ; 6-PG 
oxidative pathway for 6-phosphogluconate oxidative pathway; P-P-uridyltransferase 
for enzyme causing reversible pyrophosphorolysis of UDPG (UDPG + PP @ UTP + 
G-1-P); UDP-galactose for uridine diphosphate galactose; UDPG for uridine diphos- 
phate glucose; UTP for uridine triphosphate. 


Six 
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in marked contrast to results from the experiments performed in vivo in 
which the glucose and galactose contained nearly equal activity (1) after 
an intravenous injection of the C'*-labeled compound. 

The results will be considered in relation to the scheme shown in Fig. 1. 


TABLE I 


Distribution of C in Glucose and Galactose of Lactose of Milk from 
Cow Udder Perfusion 


opi “4 = 
z compound ag Hexose | 3 | 
given Ss a2 | se |— 5.2 
Bs | | C-3 C4) C5 | Ss 

| c.p.m. c.p.m. | 
per | | per 
1 Acetate-1- 18.4| Glucose 1.09) 5.9 | | | 
C1" Galactose 17.7 |96.4 | 3.9 4.041.1 100 0.3 2.5 11.1 )94.8 
2 | Acetate-1- | 14.8 Glucose 0.30 2.0;3 5 (49 1006 3 0 2092.2" 
cu Galactose 14.1 (95.3 5.6.4.7 32.3 1000 2 0.6 8.33:84.5 
3 Propio- 28.1) Glucose | 0.66 2.44/13 30 1003 | 0.25 
nate-l- Galactose 25.8 (92.0 6.79.7 31.2 1000.020.1 16.6 95.4 
Cu | | | 
| 


* 98 mg. of glucose from Experiment 1 and 210 mg. of glucose from I:xperiment 
2 were combined and recrystallized to a constant specific activity of 0.362 ¢.p.m. per 
umole of glucose. 

t The glucose of Experiment 3 was recrystallized to a constant specific activity 
of 0.487 c.p.m. per umole of glucose. 

Experiment 1, lactose from the experiment described by Cowie et al. (9). 1.8 gm. 
of glucose and 600 mg. of sodium acetate-1-C' containing 1 mc. of C'* were added 
to3 liters of the blood. A further 2 liters of blood were added during the first 30 min- 
utes of perfusion. The udder half weighed approximately 10 kilos and the yield of 
milk was 140 ml. 0.234 gm. of lactose from the milk and 0.1060 gm. isolated from 
udder were combined and purified on a charcoal-Celite column (11). The resulting 
lactose was diluted 3.3 times with lactose-C!? and reerystallized twice; xperiment 
2, one udder half, weighing approximately 6.5 kilos, was perfused during 120 minutes 
with 10 liters of heparinized blood. At the outset 300 mg. of sodium acetate-1-C'™ 
containing 1 me. were added to the blood. The milk yield was 250 ml. The perfu- 
sion rate was approximately 800 ml. per minute. The lactose was isolated from the 
milk by the procedure of Reiss and Barry (12). 0.551 gm. of this lactose plus 0.275 
gm. of lactose-C!? (dilution 1.5) were purified on a charcoal-Celite column (11) and 
then crystallized from 70 per cent alcohol; Experiment 3, one udder half, weighing 
approximately 6 kilos, was perfused with 10 liters of heparinized blood during 135 
minutes. 15 minutes after the outset, 70 mg. of sodium propionate-1-C' containing 
0.5 me. of C'4 were added to the blood. The milk yield was 200 ml. The perfusion 
rate was approximately 1 liter per minute. The lactose from the milk was isolated 
by the procedure of Reiss and Barry (12). 0.447 gm. of this lactose plus 0.300 gm. 
of lactose-C!? (dilution 1.67) were hydrolyzed and the glucose and galactose were 
separated on a cellulose column. The C' values have not been corrected for the 
above dilutions by lactose-C". 
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This scheme involves the tricarboxylic acid cycle, the glycolytic reactions 
the 6-PG oxidative pathway, and the galacto-waldenase reaction via 
UDPG. Two mechanisms of synthesis of lactose are shown, one via Re- 


Acetate 
Tricarboxylic acid cycle 
Glycerol Phosphopyruvate 
Dihydroxyacetone-P eye Glyceraldehyde-3-P 
Fructose-di-P 
2 -P +ATP 


6-P 


6-PG- 
Pathway Dlood Glucose 
C-C-C-C-C-C-P ¢ Glucose 
Glucose-6-P intracellular 
Glucose-l-P 
UTP) 4 
3 
UDP-glucose Lactose-P 


UDP galactose 


Lactose 


Fig. 1. Framework of reactions which may effect C™ distribution of lactose 


action 3 involving UDP-galactose and G-1-P, and the other via Reaction 
4 involving UDP-galactose and free glucose. The C™ of the acetate or 
propionate is considered to enter the scheme by way of the intermediates 
of the tricarboxylic acid cyele, 

Difference in Total Activities of Glucose and Galactose ~The discussion 


E 
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will deal first with the wide difference in the total activities of the glucose 
and galactose and second with the relative distribution of C' in the hexose 
carbon chains. Although it is indicated in Fig. 1 that the C'* from acetate 
enters the lactose via the tricarboxylic acid intermediates, it is' probable 
that blood glucose is the main source of the carbons of the lactose. When 
Dimant et al. (13) perfused a cow udder in vitro with blood containing 
glucose-1-C'4, the resulting lactose of the milk contained nearly equal 
amounts of radioactivity in the glucose and galactose moieties (galactose 
88.5 per cent of glucose), and the C' was almost exclusively in C-1 of each 
monosaccharide. These results indicate, but do not unequivocally prove, 
that the six carbons of glucose are converted intact to lactose. Other 
investigators (14-16) have concluded that glucose is the major source of 
the carbons of lactose. The occurrence of UDPG (17, 18) of P-P-uridyl- 
transferase (18, 19), and of galacto-waldenase (7, 18, 19) in the mammary 
gland lends support to the mechanism shown in Fig. 1 for conversion of 
glucose-1-P to UDP-galactose. 

The striking difference in the relative total activities of the glucose and 
galactose moieties of lactose when glucose-1-C (13) is perfused, as com- 
pared to acetate-1-C' or propionate-1-C' (Table I), can be explained by 
the scheme in Fig. 1, providing that there is slow isotopic equilibration 
between the hexose phosphate esters and the free glucose in the mammary 
tissue and blood glucose. Thus, when glucose is the source of the C", 
the blood glucose will be highly active, and, if it is the major source of the 
carbon of lactose, both moieties will acquire C'*. On the other hand, when 
acetate-1-C' or propionate-1-C" is the source of C'*, the G-6-P will become 
labeled by way of Reaction 2. Its C' will undergo considerable dilution 
if glucose serves as the major source of the carbon via Reaction 1. How- 
ever, the free glucose will acquire C™ only if there is phosphatase activity 
on the hexose phosphates, and a large additional dilution will occur if the 
free glucose is in equilibrium with the large blood glucose pool. It is thus 
possible for the hexose phosphates and the free glucose to have widely 
different specific activities when acetate or propionate is the source of the 
C4, This is an important consideration in explaining the wide difference 
in the total activities of the glucose and galactose of the lactose. 

The mechanisms of synthesis of lactose via Reaction 3, Fig. 1, are based 
on the experiments of Gander et al. (7), who demonstrated that an enzyme 
system obtained from cow udder converts UDP-galactose and G-1-P to 
lactose phosphate. It appears unlikely, however, that this was the princi- 
pal pathway of lactose synthesis unless UDPG can be synthesized from 
the C'* source by a pathway not involving G-1-P. According to the mech- 
anism via Reaction 3, Fig. 1, an equal activity would be expected in the 
glucose and galactose since G-1-P is the precursor of both hexose moieties. 
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However, if fructose diphosphate were converted to UDP galactose by a 
pathway not involving G-1-P, the present results would be consistent with 
lactose syiithesis by Reaction 3. For example, if there were no phospha- 
tase to convert fructose diphosphate to fructose 6-phosphate, then fructose 
diphosphate and the UDP-galactose would acquire activity from the ace- 
tate-1-C™ but G-1-P would not. Then lactose synthesized via Reaction 
3 would be labeled in the galactose moiety only. However, all present 
evidence (7, 18, 19) indicates that UDP-galactose is formed from UDPG 
which arises from G-1-P. For this reason the pathway via Reaction 
3 is not considered to be a likely mechanism. 

A more likely explanation of the extremely low activity of the glucose 
moiety is that it arises from free glucose (Reaction 4) and not from G-1-P. 
It therefore is suggested that the mammary gland may contain an enzyme 
system which synthesizes lactose from free glucose and UDP-galactose. 
The situation would be analogous to the metabolism of plants in which 
there are two enzymes forming sucrose (20-22), one utilizing UDPG and 
free fructose, the other UDPG and fructose 6-phosphate. 

Another possibility is that glycogen is the source of the glucose moiety. 
Kittinger and Reithel (6) have presented preliminary evidence that an 
enzyme preparation from mammary gland svnthesizes lactose by a mech- 
anism in which the galactose moiety is derived from G-1-P and the glucose 
moiety is obtained by direct transfer from glycogen without passing through 
G-1-P. There is disagreement concerning the glycogen content of the 
mammary gland (23) but it is generally considered to be low. Neverthe- 
less, if the glucose originated in part from preformed glycogen of the udder, 
it would acquire little C''. However, this mechanism does not appear to 
be an explanation of the perfusion studies because Dimant ef al. (13) ob- 
served high activity in the glucose moiety, whereas it should have been 
low if unlabeled glycogen was the source of the glucose residue. 

Asymmetrical Distribution of C™ in Hexoses—-The question arises whether 
the C' distribution may be accounted for in terms of Fig. 1 or whether 
other mechanisms are required. Glycolysis, aerobic phosphorylation, 
synthesis of citric acid, and oxidation of the Krebs cycle intermediates 
are known to occur in mammary gland (Terner (24), Craine and Hansen 
(25)). By such pathways, 3,4-labeled sugars would be expected to be 
formed from acetate-1-C™ and propionate-1-C"™ (26). In liver glycogen 
the glucose has generally been found to have a symmetrical distribution 
of C™ in the 6-carbon chain. In contrast, the hexoses of Table I have an 
unsymmetrical distribution with much greater activity in C-4 than in C-3. 
It can be seen in Fig. | that the symmetry of the hexose is dependent upon 
triose isomerase (Reaction 5) which brings the dihydroxyacetone phosphate 
and glyceraldehyde phosphate into isotopic equilibrium. Schambye et al. 
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(27) observed conditions in which the equilibration was not complete in 
liver. They found that the C™ of biologically labeled glycerol-1-C'™ was 
converted preferentially to C-3 of liver glycogen in fasted rats. Subse- 
quently it has been found that slices of well fed rats, when incubated with 
either pyruvate-C' (28) or NaHCO; (29), label the glucose of glycogen 
unsymmetrically. In contrast the labeling is symmetrical with slices from 
fasted rats. In the perfusion experiment, as in the liver slices from well 
fed rats, it seems likely that a large amount of dihydroxyacetone phos- 
phate and its precursor, the glycerol of fat, may be present. These pre- 
cursors would contribute to C-1, 2, 3 while C'™ of the acetate-1-C' would 
be entering the C-4, 5, 6 of hexose by way of glyceraldehyde phosphate. 
Thus C-4 would have a higher activity than C-3 if the rate of the triose 
isomerase reaction was relatively slow compared to both the conversion of 
triose phosphate to fructose 6-phosphate and to the equilibration with the 
pools of unlabeled glycerides. 

The incomplete isotopic equilibration by triose isomerase does not ac- 
count, however, for the asymmetry of C-1 and C-2 as compared to C-d 
and C-6 or for the fact that there is considerably more C'* in C-1 and C-2 
than in C-5 and C-6 (Table I). The distribution in the galactose should 
be considered most reliable in relation to these considerations, since the 
glucose had low activity in these positions. The reactions of the 6-PG 
oxidative cycle (Reaction 6) are of particular interest in this regard because 
they provide a mechanism for introduction of C' into C-1 and C-2 from 
C-3. The effect of this cycle upon the C™ distribution of 3,4-labeled 
hexose is shown in Fig. 2. It is seen that on the first cycle C" is introduced 
into C-2 and the C" in C-3 is diluted. On further cycling of the resulting 
hexose phosphate, C' appears in C-1 (second cycle), and by the fifth cycle 
the values become C-1 = 45, C-2 = 58, C-3 = 71, and C-4 = 100. Fur- 
ther cycling does not alter the distribution significantly. 

It is of interest to compare these calculated values (Fig. 2) with the 
observed values from the perfusion and experiments in vivo. For perfu- 
sion with C-4 as 100, the values are C-1 = 4.7, C-2 = 4.5, C-3 = 36.7, and 
for in vivo C-1 = 10.2, C-2 = 18.3, C-3 = 72.2. These values are the aver- 
age of the galactose data of the two acetate-1-C"™ experiments of Table I 
and those from Schambye et al. (1), Table III. It is seen that the value 
of C-3 in the perfusion experiment is lower than that calculated for the 
6-PG oxidative pathway (36.7 as compared to 71). An incomplete triose 
isomerase equilibration therefore may account for the low activity of C-3. 
In addition the activity in C-1 and C-2 is about one-eighth that of C-3, 
which indicates that complete recycling of the 6-PG oxidative pathway 
may not have occurred extensively since C-2 rapidly acquires a C' activity 
ulmost equal to that of C-3 via the oxidative pathway (Fig. 2). Simi- 
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larly C-2 is about one-fourth of C-3 in the experiments in vivo, and here 
again the 6-PG oxidative pathway does not completely account for the 
C* distribution. An incomplete triose isomerase equilibration again may 
explain these data. With regard to C-1 and C-2 it can be seen (Fig. 


100 100 100 
First Cycle -C-C-C-C-C-P 
100 100 100 100 


3C-C-C-+C-C-C-P 


100 100 
0.5C-C-C-C-C-C-P 


80 60 100 
Average First Cycle C-C-C-C-C-C-P 
80 60 60 100 
Second Cycle 1C-C-C-C-C-C-P 


80 60 100 me: 80 60 80 100 
-P 


3C-C-C-C-C-C-P 1C-C-C-C-C-C 


100 100 
0.5C-C-C-C-C-C-P 


64 48 76 100 


Average Second Cycle C-C-C-C-C-C-P 
38 61 70 100 

Average Third Cycle C-C-C-C-C-C-P 
49 56 72 100 

Average Fourth Cycle C-C-C-C-C-C-P 
45 58 71 100 

Average Fifth Cycle C-C-C-C-C-C-P 


Fig. 2. Effect of 6-PG oxidative cycle on the C"™ distribution of a 3,4-labeled hex- 
ose with repeated cycling (see Wood (30), Fig. 2). 


2) that C-1 has higher activity than C-2 after the second cycle; after all 
further cycles C-2 is higher than C-1. Thus, depending upon the number 
of times the hexose phosphate is turned over in the cycle, it is possible for 
the 6-PG oxidative mechanism to yield a wide variation in the distribution 
of C' between C-1 and C-2. 

Korkes (31) has considered additional reactions of the 6-PG oxidative 
pathway which would randomize the C'* more than is shown in Fig. 2. 
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A synthesis of sedoheptulose phosphate is presented which incorporates 
(’-1 into the heptulose, and in turn the C-1 is introduced into C-3 in the 
resynthesized fructose 6-phosphate. Further cycling would convert C-1 
to C-2 of the fructose 6-phosphate. However, Dimant eé al. (13) found 
very little conversion of the C-1 of glucose to positions other than C-1 
and C-6 in lactose; it therefore appears that the above conversion does 
not occur extensively in the perfused cow udder. 

Although the values shown in Fig. 2 are illustrative of only one possible 
distribution, a consideration of presently known reactions makes it seem 
likely that a combination of both the 6-PG oxidative pathway and an in- 
complete triose isomerase reaction could explain the observed C" distri- 
bution. 

There is ample evidence to indicate that the 6-PG oxidative pathway 
occurs in the mammary gland. Glock and McLean (32) have shown in 
rats that there is approximately a 60-fold increase in G-6-P dehydrogenase 
and a 20-fold increase in 6-PG dehydrogenase in the mammary gland dur- 
ing lactation. Also the yield of CO, from glucose-1-C" by slices was 1.1 
times that from glucose-6-C" at the end of pregnancy, rose to 15.7 times 
between the 10th and 18th day of lactation, and returned to 2.1 at the 
beginning of involution (33). Abraham et al. (34) previously had deter- 
mined that the yield of CO, from glucose was higher from C-1 than from 
C-6 and also that C-6 was converted to lipide faster than C-1. They cal- 
culated that 60 per cent or more of the glucose was utilized by a direct 
oxidative pathway in rat mammary tissue during lactation. Recently 
Peeters and Debackere (35) have presented further evidence for this path- 
way. They have found that ribose 5-phosphate, ribulose 5-phosphate, 
sedoheptulose 7-phosphate, 6-PG, and tetrose 4-phosphate are formed 
from G-6-P by homogenates of mammary gland. The metabolism of 
mammary tissue of ruminants and non-ruminants differs, however (ef. 
Balmain et al. (36)). Glock et al. (33) state that in sheep, unlike rats, 
there is not a large increase in G-6-P dehydrogenase and 6-PG dehydro- 
genase in the mammary gland during lactation. Duncombe and Glascock 
(37, 38) indicate that the direct oxidative pathway may not be as important 
in glucose metabolism in the sheep udder (37) as in rat mammary gland 
(38). Nevertheless the 6-PG oxidative pathway may have occurred to a 
sufficient extent in the present experiments to account for the amount of 
C4 observed in C-1 and C-2. 

The distribution of the C™ in the glucose of the lactose is of considerable 
interest. In the experiments in vivo (1) the distribution of C'* in the glu- 
cose moiety differed from that of the galactose. This difference was be- 
lieved to occur because the glucose moiety arose from free glucose in equi- 
librium with the blood and thus reflected metabolism of the liver, whereas 
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the galactose arose from hexose phosphates formed in the udder and re- 
flected the metabolism of the udder. In the perfusion experiments, since 
the C' glucose probably arises only from hexose phosphates formed in the 
udder, the glucose and galactose should have a similar isotope distribution 
even though the total activities differ greatly. On the other hand, if the 
unsvmmetrical distribution of C'™ of the galactose is due to some peculli- 
arity of galactose metabolism, the distribution in the two hexoses might 
differ. The results show that there is in fact no difference in the C' dis- 
tribution of the glucose and galactose; the differences which were observed 
are not considered significant. The glucose was recrystallized several 
times to constant specific activity to insure that it was free of the highly 
active galactose. 

It is of interest that lactose with high C" activity in the galactose and low 
activity in the glucose can be obtained in vivo. In addition the C"™ dis- 
tribution in the six carbons is very unsymmetrical. Such labeling has been 
observed by Wood et al. (39) when acetate-1-C' is injected directly into 
the arterial supply of a cow udder. Under these conditions the conver- 
sions by other organs are partially eliminated and the galactose moiety 
contains practically all the C"™ activity of the milk lactose. It thus is 
clear that the low C™ activity in the glucose moiety is not due to abnormal 
conditions arising from the perfusion. 

The outstanding feature of the perfusion experiments with acetate-1-C" 
and propionate-1-C" is that it brings into clear focus a pathway of lactose 
synthesis other than that via glucose. This pathway which involves de 
novo synthesis from small molecules is probably of minor quantitative 
significance. The mechanism of this synthesis probably involves the 
known pathways shown in Fig. 1; however, a new type of de novo pathway 
is not excluded. 


SUMMARY 


The synthesis of milk lactose has been studied by perfusion of isolated 
cow udders. Acetate-1-C'™ or propionate-1-C'™ was added to the blood 
used in the perfusion. The following results have been obtained. 

1. The glucose moiety of the lactose contained very little C'; more than 
90 per cent of the total activity was in the galactose moiety. 

2. The distribution of C™ was very unsymmetrical in the galactose. 
C-4 contained about 3 times as much C' as C-3. There was a small 
amount of activity in C-2 and C-1, much less in C-5 and C-6. The distri- 
bution in the glucose moiety was similar to that of the galactose. 

3. To account for the low activity of the glucose, it is proposed that 
free glucose (in equilibrium with blood glucose) is the source of the glucose 
moiety of the lactose. Some C' enters the glucose pool, perhaps because 
of phosphatase activity on hexose phosphates formed in the udder. 
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4. The galactose is believed to arise from hexose phosphate esters arising 
by phosphorylation of glucose and by synthesis from smaller molecules in 
the udder. The unsymmetrical distribution of C'™ may occur because the 
equilibration of the triose phosphates by triose isomerase is incomplete 
and the 6-phosphogluconate oxidative pathway randomizes the C'. It is 
possible, however, that the C'* distribution may arise by unknown mech- 
anisms peculiar to galactose metabolism. | 
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STUDIES ON THE ACTION OF THYMIDINE ANALOGUES* 
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It has been shown previously that 5-hydroxydeoxyuridine (HDU)! com- 
pletely suppresses the growth of Escherichia coli K-12 up to 18 hours in a 
salts-glucose medium (1). Preliminary investigation of the mode of ac- 
tion of HDU has revealed that a number of precursors of DNA pyrimidines 
prevent the inhibitory action of the compound (2). 

The present report deals with the relative effectiveness of reversing 
agents in overcoming growth inhibition of F. coli K-12 by HDU, and with 
the relationships of these compounds to the metabolic block. A new 
thymidine analogue, 5-aminodeoxyuridine (ADU),' has been synthesized 
and found to be several times as effective as HDU for inhibiting the growth 
of EH. coli K-12. ADU, 5-bromodeoxyuridine, and 5-hydroxyuridine have 
been tested in combinations with HDU for possible synergism, mutual 
antagonism, or additive action (3). 


Materials and Methods 


Materials—HDU, 5-bromodeoxyuridine, and 5-hydroxyuridine were 
synthesized by methods previously described (1, 4). ADU was synthe- 
sized from 5-bromodeoxyuridine by a method adapted from the procedure 
described by Roberts and Visser (4) for the synthesis of 5-aminouridine. 

5-Aminodeoxyuridine—To a bomb tube chilled in dry ice-acetone were 
added 5-bromodeoxyuridine (5 gm., 0.0163 mole), 38 ml. of absolute alco- 
hol, and 12 ml. of liquid ammonia. The tube was sealed, allowed to warm 
to room temperature, and placed in an oven at 55° for 7 days. It was 
then opened and the amber-colored contents were transferred to a liter 
flask and evaporated to dryness at room temperature under reduced pres- 


* Supported by a grant from the Lasdon Foundation, Inc., and United States Pub- 
lic Health Service grant No. C-2373. A preliminary report of sections of this work 
was presented at the Forty-sixth meeting of the Federation of American Societies 
for Experimental Biology at San Francisco, April 11-15, 1955. 

t Taken in part from a thesis submitted by Richard E. Beltz to the Faculty of the 
Graduate School, University of Southern California, in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy in Biochemistry and Nutrition. 

1 The following abbreviations are used: HDU for 5-hydroxydeoxyuridine; ADU 
for 5-aminodeoxyuridine; DNA for deoxyribonucleic acid; and RNA for ribonucleic 
acid. 
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sure. The residue was dissolved in 35 ml. of distilled water and placed 
on a column of Amberlite IR-120 ion exchange resin (50 ml. of wet resin 
in the hydrogen form). The column was washed with 1 liter of distilled 
water and the product was eluted with 4 N ammonia. The effluent was 
lyophilized and the product was crystallized twice from absolute alcohol. 
The final yield was 0.3 gm. of light vellow crystals melting at 191-193°, 
uncorrected. 


CoH i2N30s. Calculated. C 44.44, H 5.39, N 17.28 
Found. 44.37, 5.18, 17.49 


Deoxycytidine, thymidine, and deoxyadenosine, used in microbiological 
tests, were isolated from an enzymic digest of DNA by the method of 
Andersen et al. (5). Deoxycytidine hydrochloride was converted to deoxy- 
uridine by deamination (1). Deoxyeytidvlic and thymidylie acids were 
purchased from the California Foundation for Biochemical Research, Los 
Angeles, and additional pyrimidine deoxynucleosides were obtained from 
the same source for use in syntheses. 

Solid Cultures—E.. coli K-12 was cultured on a medium consisting of 
0.2 gm. of Difco yeast extract, 0.2 gm. of Difco casein hydrolysate, 1.5 
gm. of agar, 0.5 gm. of glucose (autoclaved separately), 0.01 gm. of MgSO,-- 
7H.O, 0.1 gm. of (NH4)SQOx,, 1.83 gm. of K2HPO,, and 0.4 gm. of KH2PO, 
per 100 ml. of medium. Inoculated slants were incubated 18 to 24 hours 
at 34° and stored at 5°. The cultures were transferred weekly. 

Sterile Stock Solutions-—Solutions of double strength (Sz) salts (0.2 gm. 
of MgSO,-7H:2O, 2.0 gm. of (NH4)2SO,4, 26.1 gm. of K,HPO,, and 8.0 gm. 
of KH.PO, per liter) and double strength (G2) glucose (10 gm. per liter) 
were autoclaved separately at 15 pounds pressure for 15 minutes in cot- 
ton-plugged 500 ml. aspirator bottles connected by rubber tubing to inlets 
on 25 ml. burettes fitted for sterile delivery. 

Inoculum—The inoculum was prepared by transferring a loopful of the 
organism to 10 ml. of liquid medium prepared by adding 5 ml. of Ge and 
5 ml. of Ss aseptically to a sterile test tube. After being incubated for 19 
hours, 2 drops (0.16 ml.) of the cell suspension were transferred to 50 ml. 
of sterile saline and each assay tube was inoculated with 1 drop (0.08 ml.) 
of the cell suspension. 

Method of Assay—The test compounds were dissolved at appropriate 
concentrations in Se and stored in the deep freeze. Before use, the frozen 
solutions were allowed to thaw and warm to room temperature. Aliquots 
of these solutions were added to assay tubes, the volume in each tube was 
adjusted to 2.5 ml. with S., and the tubes were autoclaved at 15 pounds 
pressure for 12 minutes. Sterile glucose (Ge, 2.5 ml.) was added to each 
tube before inoculation, and the tubes were incubated at 34°. Growth 
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‘ri was measured as turbidity in a Klett-Summerson photoelectric colorimeter 
gg (filter No. 66). ‘Turbidities in the experimental assay tubes were com- 


le 
ee pared with controls when maximal growth was attained by the controls 
any (usually at 18 hours). 
33°, Results 
Reversal—_A number of compounds known to participate in the bio- 
synthesis of nucleic acid pyrimidines were tested for their capacity to re- 
verse the growth inhibition by HDU. Each compound was added in 
of 
y- 100} PU U 
re 
OS 80 ° 
m 
60 /o 
of be 
- ud 
T 
i i i l L 1 
O 20 40 60 100 
CONCENTRATION 
L. (MICROMOLES PER LITER) 
) Fig. 1. Reversal by pyrimidine nucleosides and thymidylic acid of growth inhibi- 
- tion of E. coli K-12 by 5-hydroxydeoxyuridine. Grown for 18 hours at 34° in 6 inch 
S test tubes with a total volume of 5 ml. of medium. Complete suppression of growth 
was observed in control tubes containing the inhibitor (205 wmoles per liter) but no 
reversing agent. Each curve represents pooled data from two or more determina- 
° tions. DC, deoxycytidine hydrochloride; DU, deoxyuridine; C, cytidine; U, uri- 
dine; T, thymidine; TA, thymidylic acid. 


varying concentrations to assay tubes containing the inhibitor at a high 
level (205 pmoles per liter), relative to the minimal concentration (about 
14 umoles per liter) required for complete suppression of growth up to 18 
: hours. It was felt that variations from one experiment to another, result- 
ing from inhibitor degradation (1, 2), should be minimized if a high con- 
centration of the inhibitor were employed in conjunction with a dilute 
inoculum. 

Fig. 1 shows the relative effectiveness of pyrimidine nucleosides and 
thymidylic acid as reversing agents. Complete reversal was attained in 
the presence of low concentrations, 7.c. 40 to 90 wmoles per liter, of deoxy- 
cytidine hydrochloride, deoxyuridine, cytidine, and uridine. The deoxy- 
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ribosyl derivatives of uracil and cytosine were more effective than the 
corresponding ribonucleosides, producing 50 per cent reversal at less than 
one-fourth the concentrations required of the latter for equivalent reversal. 
In each case the cytosine derivative appeared to be slightly more effective 
than its uracil counterpart. 

The corresponding nucleotides were much less active as reversing agents 
(Table I). Compared on a molar basis at 50 per cent reversal, the nu- 


TABLE I 


Reversal by Pyrimidine Nucleotides of Growth Inhibition of 
E. coli K-12 by &-Hydrorydeozyuridine* 


Compound Per cent maximal growtht 
pmoles per l. 
5’-Deoxycytidylic acid 195 3l +4 - 
292 54 + 2 
488 80 + 1 
683 89 + 2 
5’-Uridylic acid 162 321 
244 5+ 2 
407 13 + 2 
570 29 + 4 
2’, 3’-Uridylie acid 185 9+ 2 
277 28 + - 
555 50 + 3 
925 62 + 3 
2’, 3’-Cytidylie acid 185 25 + 5 
278 46 + 1 
649 80 + 1 
928 81 + 2 


° 5-Hydroxydeoxyuridine (205 uwmoles per liter) was added to each tube before 


inoculation. 
t Grown for 18 hours at 34° in 6 inch test tubes with a total volume of 5 ml. of 


medium. The values represent the averages of duplicate determinations and the 
average deviation. 


cleotides were from one-thirtieth to less than one-sixtieth as effective as 
deoxycytidine. 5’-Deoxycytidylic acid was the most effective and 5/-uri- 
dylic acid was the least active of the nucleotides. 5’-Deoxyuridylic acid 
was not available for testing. 

The behavior of thymine derivatives was notably different (Fig. 1). 
Neither thymidine nor thymidylic acid reversed the inhibition beyond 22 
per cent of maximal growth. The minimal concentration of thymidylic 
acid required for this reversal was only slightly higher than that of thymi- 
dine required for equivalent reversal. Of further interest was the finding 
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the that higher concentrations of thymidylic acid were inhibitory in the ab- 
1an sence of HDU, whereas neither thymidine nor other nucleotides were simi- 
sal, larly inhibitory. 

lve In addition to pyrimidine nucleosides and nucleotides, a number of com- 
Tasie II 


Growth Inhibition of EF. Coli K-12 by 5-Hydrorydeoryuridine in Presence of Constant 


sg Levels of Reversing Agents 
pmoles per l. pumoles per 

Uridine 73.4 205 63 
: 307 13 + 1 
410 4+ 1 

614 0 

819 0 
Cytidine 74.0 205 86 5 
307 30 + 6 
410 6 1 

614 0 

819 0 
Deoxyuridine 51.8 205 98 + 1 
307 99 + 2 
410 99 + 1 
614 64 + 0 
819 244+ 1 
Deoxycytidine 45.5 205 100 + 1 
307 104 + 1 
410 97 + 5 
614 7+1 
819 60 + 1 
e Thymidine 49.6 205 12 + 0 
307 9+ 1 
f 410 8 + 0 
. | 819 13 + 1 


* Grown for 18 hours at 34° in 6 inch test tubes with a total volume of 5 ml. of 
medium. The values represent the averages of duplicate determinations and the 
average deviation. 


| pounds were screened for the capacity to reverse growth inhibition by 
HDU. .-Aspartic acid, carbamy] aspartate, orotic acid, cytosine, adenine, 
adenosine, deoxyadenosine, ammonium formate, folic acid, leucovorin, and 
vitamin B;2 were completely inactive as reversing agents. 

Inhibition Analysis (6)—It was found (Table II) that increasing con- 
centrations of HDU progressively blocked the reversing action of uridine 
and cytidine, whereas the limited growth response produced by thymidine 
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(49.6 umoles per liter) in the presence of HDU (205 umoles per liter) was 
not affected by a 4-fold increase in the inhibitor concentration. Although 
the maximal growth response produced by deoxyuridine (51.8 umoles per 
liter) or deoxycytidine (45.5 umoles per liter) in the presence of HDU (205 
umoles per liter) was not depressed by doubling the inhibitor concentra- 
tion, higher HDU concentrations did depress the response. If deoxyuri- 
dine and deoxycytidine were “precursor type” reversing agents, a relative 
excess of either could, by mass action, prevent only a doubled concentra- 
tion of HDU from affecting the growth response as shown in Table II. A 
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Fig. 2. Variations in the inhibition index with changes in the concentration of 
5-hydroxydeoxyuridine. (HDU/DU) = the molar ratio of 5-hydroxydeoxyuridine 
to deoxyuridine at 50 per cent of maximal growth. 

Fic. 3. Growth inhibition of Z. coli K-12 in the presence of 5-aminodeoxyuridine 
(@) and 5-hydroxydeoxyuridine (©). Grown at 34° in 6 inch test tubes with a total 
volume of 5 ml. of medium; measured at 18 hours when growth in the controls was 
maximal. The points represent data from two or more determinations. 


more sensitive test was, therefore, used to distinguish between “precursor 
type” and ‘“‘product type” reversal by these deoxynucleosides. The con- 
centrations of deoxyuridine, required for 50 per cent reversal in the pres- 
ence of different levels of HDU, were estimated from reversal curves (as 
in Fig. 1) plotted for each level of the inhibitor. If deoxyuridine overcame 
the inhibition by supplying the primary product or its equivalent directly, 
the level required for 50 per cent reversal would be expected to remain 
constant and independent of the concentration of HDU. The molar ratios 
of HDU to deoxyuridine at 50 per cent reversal at each level of HDU (in- 
hibition indexes) are shown in Fig. 2. In the concentration range between 
150 and 400 umoles per liter of HDU, the inhibition indexes were constant. 
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vas Essentially, complete suppression of growth resulted when the ratio of 
igh HDU to deoxyuridine was increased to 28:1, and complete reversal re- 
er sulted when the ratio was decreased to 4:1. ‘Thus, inhibition of deoxy- 
05 uridine utilization by HDU at concentrations from 150 to 400 umoles per 
fa- liter was competitive (7). When reversal data with deoxycytidine were 
ri- analyzed in this manner, similar results were obtained. 

ve Growth Inhibition by ADU; Reversal by Deoxynucleosides—-Growth re- 


‘a- sponses of EF. coli K-12 in the presence of ADU and HDU are shown in 
A Fig. 3. 50 per cent inhibition was attained with ADU at about one-fifth 


TaBLeE III 


Reversal by Pyrimidine Deorynucleosides of Growth Inhibition 
of E. coli K-12 by 5-Aminodeoryuridine 


Per cent maximal growth* with S-aminodeoxy- 
uridine at concentrations of 
Deoxynucleoside 
5 y per ml.f 10 y per ml. 30 y per ml. 
per ml. 
Deoxyuridine 1 79 48 8 
2 86 69 32 
3 $2 72 32 
Deoxycytidine hydrochloride 1 87 73 8 
2 74 60 23 
3 79 62 55 
Thymidine 1 90 91 89 
2 85 93 95 


* Grown for 18 hours at 34° in 6 inch test tubes with a total volume of 5 ml. of 


e medium. 
t Growth was completely inhibited in assay tubes containing 5-aminodeoxyuri- 
dine (5 y per ml.) in the absence of a reversing agent. 


the concentration required of HDU for equivalent inhibition. Prelim- 
1 inary experiments showed that thymidine, deoxyuridine, and deoxycyti- 
, dine prevent the inhibition by ADU. Further investigation revealed that 
, the level of reversal obtained at a given ratio of deoxyuridine or deoxy- 
S cytidine to ADU could be depressed by increasing the inhibitor concen- 
e tration, whereas the level of reversal by thymidine could not be depressed 
by a 6-fold increase in the concentration of ADU (Table ITI). 

2 Inhibitor Combinations—The method of Elion et al. (3) was employed 
S in attempting to evaluate quantitatively the degree of synergism, or mutual 
a antagonism, afforded by pairs of inhibitory analogues. The effects of 
) combinations of HDU with 5-hydroxyuridine, 5-bromodeoxyuridine, and 
ADU were studied. Fractional inhibitory concentrations were calculated 
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(49.6 uwmoles per liter) in the presence of HDU (205 umoles per liter) was 
not affected by a 4-fold increase in the inhibitor concentration. Although 
the maximal growth response produced by deoxyuridine (51.8 uwmoles per 
liter) or deoxycytidine (45.5 uwmoles per liter) in the presence of HDU (205 
umoles per liter) was not depressed by doubling the inhibitor concentra- 
tion, higher HDU concentrations did depress the response. If deoxyuri- 
dine and deoxycytidine were “precursor type” reversing agents, a relative 
excess of either could, by mass action, prevent only a doubled concentra- 
tion of HDU from affecting the growth response as shown in Table II. A 
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Fig. 2. Variations in the inhibition index with changes in the concentration of 
5-hydroxydeoxyuridine. (HDU/DU) = the molar ratio of 5-hydroxydeoxyuridine 
to deoxyuridine at 50 per cent of maximal growth. 

Fic. 3. Growth inhibition of EZ. coli K-12 in the presence of 5-aminodeoxyuridine 
(@) and 5-hydroxydeoxyuridine (O). Grown at 34° in 6 inch test tubes with a total 
volume of 5 ml. of medium; measured at 18 hours when growth in the controls was 
maximal. The points represent data from two or more determinations. 


more sensitive test was, therefore, used to distinguish between “precursor 
type” and “product type” reversal by these deoxynucleosides. The con- 
centrations of deoxyuridine, required for 50 per cent reversal in the pres- 
ence of different levels of HDU, were estimated from reversal curves (as 
in Fig. 1) plotted for each level of the inhibitor. If deoxyuridine overcame 
the inhibition by supplying the primary product or its equivalent directly, 
the level required for 50 per cent reversal would be expected to remain 
constant and independent of the concentration of HDU. The molar ratios 
of HDU to deoxyuridine at 50 per cent reversal at each level of HDU (in- 
hibition indexes) are shown in Fig. 2. In the concentration range between 
150 and 400 uwmoles per liter of HDU, the inhibition indexes were constant. 
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"aS Essentially, complete suppression of growth resulted when the ratio of 


gh HDU to deoxyuridine was increased to 28:1, and complete reversal re- 
er sulted when the ratio was decreased to 4:1. Thus, inhibition of deoxy- 
05 uridine utilization by HDU at concentrations from 150 to 400 umoles per 
‘a- liter was competitive (7). When reversal data with deoxycytidine were 
ri- analyzed in this manner, similar results were obtained. 

ve Growth Inhibition by ADU; Reversal by Deoxynucleosides—Growth re- 
a- sponses of FE. coli K-12 in the presence of ADU and HDU are shown in 


A Fig. 3. 50 per cent inhibition was attained with ADU at about one-fifth 


TABLE III 


Reversal by Pyrimidine Deorynucleosides of Growth Inhibition 
of E. coli K-12 by 5-Aminodeoryuridine 


Per cent maximal growth* with 5-aminodeoxy- 
uridine at concentrations of 
Deoxynucleoside 
5 y per ml.f 10 y per ml. 30 y per ml. 
per mi. 
Deoxyuridine 1 79 48 8 
2 86 69 32 
3 82 72 32 
Deoxycytidine hydrochloride 1 87 73 8 
2 74 60 23 
3 79 62 55 
Thymidine 1 90 91 89 
2 85 93 95 
e 
* Grown for 18 hours at 34° in 6 inch test tubes with a total volume of 5 ml. of 
e medium. 
J t Growth was completely inhibited in assay tubes containing 5-aminodeoxyuri- 


dine (5 y per ml.) in the absence of a reversing agent. 


the concentration required of HDU for equivalent inhibition. Prelim- 
r inary experiments showed that thymidine, deoxyuridine, and deoxycyti- 
. dine prevent the inhibition by ADU. Further investigation revealed that 
‘ the level of reversal obtained at a given ratio of deoxyuridine or deoxy- 
s cytidine to ADU could be depressed by increasing the inhibitor concen- 
tration, whereas the level of reversal by thymidine could not be depressed 
, by a 6-fold increase in the concentration of ADU (Table III). 

l Inhibitor Combinations—The method of Elion et al. (3) was employed 
3 in attempting to evaluate quantitatively the degree of synergism, or mutual 
antagonism, afforded by pairs of inhibitory analogues. The effects of 
combinations of HDU with 5-hydroxyuridine, 5-bromodeoxyuridine, and 
ADU were studied. Fractional inhibitory concentrations were calculated 
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for each combination from dose-response curves and plotted as shown in 
lig. 4. The results indicate that 5-hydroxyuridine and HDU are mildly 
synergistic, whereas 5-bromodeoxyuridine antagonizes the inhibitory action 
of HDU. ADU and HDU were found to be mutually antagonistic to such 
a large extent that treatment of the data as in Fig. 4 was impractical. The 
growth of the organism was reduced to 13 per cent of maximal growth by 
ADU at a level of 0.8 y per ml., but the same concentration of ADU in 
the presence of HDU (1 y per ml.) depressed the growth response to only 
71 per cent of the maximum. 
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Fic. 4. Effects of inhibitor combinations on the growth of E. coli K-12. F.I.C., 
fractional inhibitory concentration. The fractional inhibitory concentrations were 
calculated from dose-response curves at turbidities corresponding to 42 (Curve 1) 
and 53 per cent (Curve 2) of maximal growth. 


DISCUSSION 


It is evident that the thymidine analogues, HDU and ADU, inhibit 
the growth of F. coli K-12 by interfering in some manner with pyrimidine 
metabolism, since the inhibition is prevented only by compounds with a 
pyrimidine moiety. Reversal of HDU inhibition specifically by pyrimi- 
dine nucleosides and nucleotides, but not by cytosine or orotic acid, indi- 
cates that this analogue or perhaps a phosphorylated derivative may com- 
pete with intermediates in pyrimidine metabolism at a stage of complexity 
corresponding to nucleosides or nucleotides. The markedly greater effec- 
tiveness of deoxyuridine and deoxycytidine as reversing agents compared 
to the other reversing agents suggests that the metabolic block may be 
localized among proximal precursors of DNA pyrimidines containing the 
deoxy sugar. Tracer studies (8) have revealed that in animal tissue deoxy- 
cytidine is incorporated into DNA, but not into RNA pyrimidines. Gra- 
ham and Siminovitch (9), on the other hand, have found by the method 
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of isotopic competition that deoxycytidine, cytidine, uridine, and their 
respective free bases are equally well utilized by F. coli B as precursors of 
RNA and DNA pyrimidines. They concluded that the nucleosides are 
not utilized directly but must be split into base and sugar before entering 
the precursor pools. That this cannot be the route of nucleoside utiliza- 
tion in HDU-inhibited EF. coli K-12 is apparent both from the marked 
difference in the effectiveness of deoxycytidine and deoxyuridine as re- 
versing agents compared to cytidine and uridine and from the failure of 
cytosine to reverse the inhibition. 

It is of particular interest that deoxyuridine completely reverses growth 
inhibition by HDU. Friedkin and Roberts (10, 11) showed that deoxy- 
uridine-2-C"4 is converted exclusively to free and polynucleotide thymidine 
in chick embryo and rabbit and chicken bone marrow. Similar specificity 
of conversion of deoxyuridine-2-C'* was demonstrated by Reichard (12) 
in regenerating rat liver and rat intestine. It is unlikely that deoxyuridine 
could be more effective than thymidine as a reversing agent if this were 
also the case in FE. coli K-12. 

The inhibitory action of ADU is distinguished from that of HDU by 
the capacity of thymidine to reverse completely the inhibition by ADU 
but not by HDU. Thymidine prevents the inhibition by ADU by sup- 
plying the product, or its equivalent, of the metabolic block; thus, ADU 
may inhibit DNA synthesis specifically by blocking the synthesis of thymi- 
dine or its metabolic equivalent. The failure of thymidine to reverse 
completely the inhibition by HDU is more difficult to interpret. Thymi- 
dine may exert a product-sparing effect by supplying directly one of at 
least two non-interconvertible essential metabolites arising from the pri- 
mary product of a metabolic reaction blocked by HDU or a phosphorylated 
derivative of HDU. These relationships are illustrated in the accompany- 
ing hypothetical scheme. 


secondary product 


—* Precursor primary product 


HDU 
block 


ADU block—— 


thymidine or 
thymidine derivative 


The data of Table II and Fig. 2 provide evidence that deoxyuridine, 
deoxycytidine, uridine, and cytidine are precursors of metabolic steps 
blocked by HDU only if these reversing agents are converted to normal 
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intermediates through reactions not susceptible to blocking by HDU, or 
if they are normal intermediates per se in the pyrimidine metabolism of 
the organism. If deoxyuridine, for example, is not a normal intermediate, 
but is converted enzymatically to a normal intermediate, then competitive 
inhibition of this conversion by HDU would mask the true relationship of 
the normal intermediate to the metabolic block. In this case the com- 
petitive inhibition observed in Fig. 2 would result, regardless of whether 
the normal intermediate derived from deoxyuridine were a precursor or a 
product in relation to the metabolic block. 

The precipitous rise in the inhibition index at low HDU concentrations 
could result from inhibitor degradation by cells of the inoculum during 
incubation, since a critical percentage of the inhibitor would be destroyed 
at low, but not at high concentrations of HDU. 

The findings that 5-bromodeoxyuridine antagonizes to some extent the 
inhibitory action of HDU and that HDU strikingly interferes with the 
inhibitory action of ADU are difficult to interpret. On the other hand, 
the synergism between HDU and 5-hydroxyuridine is understandable 
inasmuch as these compounds block different but related biochemical 
events in tandem (3, 13). 


SUMMARY 


1. Cytosine and uracil nucleosides and several corresponding nucleo- 
tides have been found to prevent completely the growth inhibition of 
Escherichia coli K-12 by 5-hydroxydeoxyuridine (HDU), but only partial 
reversal of the inhibition is effected by thymidine or thymidylic acid. De- 
oxycytidine and deoxyuridine, the most active of the reversing agents, 
are about 4 times as effective (on a molar basis) as the corresponding ribo- 
nucleosides, and from 30 to 60 times as effective as the nucleotides for 
reversing the inhibition. 5’-Deoxycytidylic acid is the most active and 
5’-uridylic acid is the least active nucleotide. Compounds which fail to 
prevent growth inhibition by HDU include L-aspartic acid, carbamyl- 
aspartic acid, orotic acid, cytosine, folic acid, leucovorin, vitamin By, 
adenine, adenosine, and deoxyadenosine. 

2. The results of inhibition analysis indicate that deoxycytidine, deoxy- 
uridine, cytidine, and uridine may prevent HDU inhibition of growth by 
acting as precursors of a competing substrate concerned in the metabolic 
block produced by HDU (or a derivative of HDU), while thymidine may 
exert a ‘“‘product-sparing” action. None of the compounds tested reverses 
the inhibition by HDU completely by a “product”’ effect. 

3. A new thymidine analogue, 5-aminodeoxyuridine (ADU), has been 
synthesized and found to be about 5 times as effective as HDU for in- 
hibiting growth of F. coli K-12. Deoxycytidine and deoxyuridine prevent 
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the inhibition, apparently by a “precursor” effect. Thymidine reverses 
the inhibition completely by supplying directly the product, or its equiva- 
lent, of the metabolic reaction inhibited by ADU. 


4. For inhibiting growth of F. coli K-12, 5-hydroxyuridine and HDU 


are mildly synergistic, but 5-bromodeoxyuridine antagonizes the inhibi- 
tory action of HDU. ADU and HDU are mutually antagonistic to a 
marked degree. 


~“IS Wh 
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XUM 


ON THE MECHANISM OF THE ACONITASE AND ISOCITRIC 
DEHYDROGENASE REACTIONS* 


By SASHA ENGLARD{ anp SIDNEY P. COLOWICK 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, December 12, 1956) 


In the course of their studies on the mechanism and stereospecificity of 
the pyridine nucleotide transhydrogenase reaction, San Pietro et al. (1) 
observed that incubation of DPN,!' isocitrate, transhydrogenase, isocitric 
dehydrogenase, and catalytic amounts of TPN in a medium containing 
D.O led to the appearance of deuterium in the reduced DPN, which is 
formed as follows: 


(1) Isocitrate + TPN* @ a-ketoglutarate + CO. + TPNH + Ht 
(2) TPNH + DPN*t TPN*t + DPNH 


Since other results were consistent with the view that Reaction 2, catalyzed 
by transhydrogenase, occurred by a direct hydrogen transfer between re- 
duced and oxidized nucleotides (1), the assumption was made that in the 
above mentioned experiment reduced deuterio-TPN was continuously 
generated by the isocitric acid dehydrogenase system from pig heart, which 
had been used to catalyze Reaction 1. In the present experiments it has 
been found, however, that no deuterium is incorporated from heavy water 
into reduced TPN during the action of pig heart isocitric dehydrogenase, 
even under conditions in which the citrate (and presumably the isocitrate) 
is labeled by the action of aconitase. The labeling of the pyridine nucleo- 
tide fraction in the experiments of San Pietro et al. has been found to be an 
artifact resulting from the boiling step in the analytical procedure.? 


* Contribution No. 179 of the McCollum-Pratt Institute. Aided by grants from 
the American Cancer Society, as recommended by the Committee on Growth of 
the National Research Council. 

t Postdoctoral Research Fellow of the American Heart Association, Inc. Pres- 
ent address, Department of Biochemistry, Albert Einstein College of Medicine, 
Yeshiva University, New York 61, New York. 

1 The following abbreviations will be used: DPN, diphosphopyridine nucleotide; 
TPN, triphosphopyridine nucleotide; DPNH and TPNH, the reduced forms; DPND 
and TPND, reduced deuterio-DPN and reduced deuterio-TPN. 

2 In the experiments of San Pietro et al. (1) the added DPN was only partially 
reduced by the isocitric dehydrogenase-transhydrogenase system. Labeling appar- 
ently resulted from incorporation of deuterium into the remaining DPN during the 
boiling period after the enzyme reaction had been stopped. This interpretation 
is based on the following observations made during the course of the present work. 
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The studies reported here demonstrate that isocitric dehydrogenase cata- 
lyzes a direct transfer of hydrogen from isocitric acid to TPN. The re- 
action is therefore similar in this respect to that catalyzed by a variety of 
other dehydrogenases (4-8) as well as transhydrogenase (1). The results 
indicate further that the hydrogen is transferred to TPN from the a- rather 
than the 8-carbon of isocitrate, since only the hydrogen in the a position 
could remain unlabeled in the presence of D,O and aconitase (Reaction 3). 


COOH 
CH, CH, 
| TPN+ 
(3) > D—C—COOH 
CH 
COOH COOH 
COOH 
CH, 


+ TPNH + Dt 


C=O 


| 
COOH 


The results illustrate, furthermore, the stereospecific nature of the 
aconitase-catalyzed removal of 1 of the hydrogen atoms from a methylene 
carbon of citrate. That is, when aconitate is hydrated to form citrate, 
subsequent dehydration must involve the same hydrogen atom that was 
added to form the methylene group so that the reaction in heavy water can 
never lead to labeled aconitate (Reaction 4). 


When TPN or DPN is boiled for 2 minutes in 85 per cent D.O in 0.025 m glycylgly- 
cine at pH 8.5, about 0.15 atom of deuterium per molecule is incorporated into the 
nicotinamide moiety. No appreciable deuterium is incorporated when TPN or 
DPN is boiled at pH 4 to 6 or when DPNH is boiled at pH 7.5 or pH 8.5. It is prob- 
able that the boiling of DPN or TPN at pH 8.5 causes labeling with deuterium at 
the 2 position of the pyridine ring by analogy with the finding of San Pietro (2) that 
treatment with alkali at room temperature causes labeling at this position. The 
data of Loewus et al. (3) are in accord with this suggestion, as Dr. Vennesland has 
pointed out to us. These authors noted a low content of deuterium in their prepa- 
ration of 2-deuterio-DPN, which had been subjected to heating in normal water. 
In the present experiments, non-enzymatic incorporation of deuterium into the 
pyridine nucleotide fraction was minimized by boiling at pH values of 6 to 7 and, 
in some cases, by reducing enzymatically all of the added pyridine nucleotide prior 
to the boiling step. 


pt 
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COOH COOH COOH 
| | 
CH, CH. CH, 
DO | 4 
(4) C—COOH DO—C—COOH C—COOH 
I! | 
CH D—C—H CH 
COOH COOH COOH 


If the reaction were non-stereospecific, dehydration would lead to labeled 
aconitic acid, which could in turn lead to citrate and isocitrate containing 2 
stably bound deuterium atoms (see Reaction 5). However, in the present 
experiments, no evidence could be obtained for such doubly labeled citrate 


COOH 
| 
CH: 
| 
DO—C—COOH 
COOH COOH 7 | 
| | D—C—D 
CH, CH, +D.0 | 
—DOH | COOH 
(5) DO—C—COOH C—COOH 
| COOH 
D—C—H C—D 
+D:0. CH, 
COOH COOH N 
DC—COOH 
bOo—C—D 
COOH 


or isocitrate molecules, and the stereospecificity of the dehydration step is 
thereby established. These results are analogous to those reported re- 
cently for the stereospecific dehydration of L-malate to fumarate (9-11). 


Methods and Materials 


DPN and TPN were products from the Pabst Laboratories. DPNH 
was prepared enzymatically with crystalline yeast alcohol dehydrogenase 
isolated by the method of Racker (12). dl-Isocitrate as the trisodium salt 
was either purchased from the H. M. Chemical Company or prepared from 
dl-isocitrie lactone, purchased from the California Foundation for Bio- 
chemical Research, by alkaline hydrolysis as described by Krebs and 
Eggleston (13). The TPN isocitric dehydrogenase was a dialyzed ammo- 
nium sulfate fraction from pig heart acetone powder extracts and was pre- 
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pared according to the method described by Ochoa (14); it was essentially 
free from aconitase. This latter enzyme, however, could be reactivated 
to some extent in the isocitric dehydrogenase preparations, as in the experi- 
ment described in Table 1, by previous incubation with Fet* and cysteine 
in accordance with the method described by Morrison (15, 16). Aconitase 
was prepared from minced pig heart tissue and carried through the first 
ethanol fractionation (16). Isocitric dehydrogenase and aconitase activ- 
ities were measured by the increase in absorption at 340 my for TPNH 
formation in the former case and the increase at 240 muy for cis-aconitate 
formation (17) in the latter case. These measurements were made in a 
Beckman DU spectrophotometer on 0.1 or 0.2 ml. aliquots removed from 
the large scale deuterium experiments at proper time intervals and at once 
diluted to 3.0 ml. with H,O. 

The general experimental procedures for pyridine nucleotides used in 
these studies have been described in detail by Pullman et al. (18). Briefly, 
after stopping the reactions run in D,O* by heat inactivation, the reduced 
nucleotides were reoxidized with K;Fe(CN). and treated with DPNase 
obtained from zinc-deficient Neurospora according to the method of Kaplan 
et al. (19). The reaction mixtures were then passed through Dowex | 
formate columns, and the nicotinamide samples were recovered by elution 
with water. In the experiments recorded in Table II, the columns were 
then washed with 2 N formic acid, and the eluates were discarded. Citric 
acid was recovered by further elution with 4 N formic acid and quantita- 
tively determined after removal of the formic acid by a slight modification 
of the procedure of Natelson et al. (20), as described by Stern (21). Citric 
acid was then isolated, without any dilution, as the quinidine salt (22, 23). 
After two crystallizations from hot H.O, the quinidine salt became 
opaque at 127—129° and melted completely at 135° (uncorrected) (ef. (23)). 

All deuterium analyses were carried out by combustion of the crystal- 
line samples of quinidine citrate and nicotinamide. The water produced 
was converted to hydrogen which was analyzed for deuterium. 


Results 


Reduction of TPN by Isocitrate in DeO—Contrary to the findings of San 
Pietro et al. (1),? TPNH obtained from the enzymatic reduction of TPN 
by dl-isocitrate in a medium containing D.O is not significantly enriched 
with deuterium (Experiment 1, Table I). 

It might be argued that the analytical method, which involves chemical 
oxidation of the TPNH followed by determination of deuterium in the 
oxidized TPN, could lead to loss of the deuterium originally incorporated. 


’ The heavy water used in these experiments was obtained on allocation from 
the United States Atomic Energy Commission. 
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However, it is known that reduced deuterio-DPN prepared by the reduc- 
tion of DPN with 1,1-dideuterioethanol and yeast alcohol dehydrogenase 


TABLE I 


Lack of Deuterium Incorporation into TPNH from D.O during Reduction with 
Tsocitric Dehydrogenase 


The complete system in I:xperiments 1 and 2 contained in a total volume of 27 
ml. the following: 675 umoles of glycylglycine buffer, pH 7.42, 16.2 umoles of MnCl, 
1 ml. of enzyme, 341 wmoles of d-isocitrate, and 85.2 wmoles of unneutralized TPN. 
The reaction was started by the addition of enzyme; complete reduction of the 
added TPN was achieved within 11 minutes. The enzyme used in Experiment 3 
was activated with respect to aconitase action by incubating, at 30° for 50 minutes, 
1.5 ml. of enzyme in a total volume of 3.0 ml. consisting of 1.5 umoles of FeSO,, 30 
umoles of neutralized cysteine, and 22.5 uwmoles of glycylglycine buffer, pH 7.42. 
2.0 ml. of this activated enzyme (1 ml. of original enzyme) were then added to the 
same complete system as above (minus TPN) to start a preliminary preincubation 
period of 90 minutes. Aconitase equilibrium was reached within 1 hour. 85.2 
umoles of unneutralized TPN were subsequently added, and the reaction was stopped 
after achieving 68.5 per cent reduction at 120 minutes. The D.O content of the 
medium was 75 to 76 per cent. The incubations were carried out at 30°, and the 
reactions were stopped by immersing the flasks for 2 minutes in a water bath at 85° 
with immediate subsequent cooling in an ice bath. The nicotinamide was isolated 
and analyzed for deuterium as described in the text. 


Deuterium content 
of nicotinamide 
per cent | terium per 
excess* 
1 Usual enzyme, 15 min. incubation of iso- 6.8 0.012 0.005 
citrate with TPN 
2 Usual enzyme, 75 min. incubation of iso- 7.5 0.011 0.005 
citrate with TPN 
3 Fe**+-cysteine activated enzyme; 90 min. | 13.0f 0.022 0.019 
incubation with isocitrate, then 120 min. 
| more after TPN addition 


* Experimental values. 

t Values corrected for dilution and ealeulated on the basis that 1 atom of deu- 
terium per molecule of nicotinamide corresponds to a value of 16.7 atoms per cent 
excess. The deuterium content of the nicotinamide, expressed in such a way, is 
identical to the deuterium content, expressed similarly, of the oxidized nucleotide 
from which it was derived. 

t Includes dilution by residual oxidized nucleotide. 


(4, 5) retains about 50 per cent of its deuterium after chemical oxidation to 
DPN with neutral ferricyanide (18). DPND in which the deuterium is on 
the opposite side of the pyridine ring leads, upon chemical oxidation, to 
essentially complete retention of the isotope in the oxidized nucleotide (1). 


1052 ACONITASE AND ISOCITRIC DEHYDROGENASE 


Thus, regardless of whether the stereospecificity of isocitric acid dehydrogen- 
ase is similar to that of yeast alcohol dehydrogenase (5), muscle lactic 


TABLE II 


Effect of Preliminary Incubation with Aconitase on Deuterium Incorporation 
into Citrate and TPNH 


The complete system contained 5.95 mmoles of potassium citrate, pH 7.44, 2.5 
mmoles of glycylglycine buffer, pH 7.42, and 5 ml. of aconitase preparation, for each 
100 ml. of reaction mixture, at a D.O concentration of 85 per cent by volume. The 
reaction mixture was incubated at 30°; at various time intervals over the 8 hour 
period, 0.2 ml. aliquots were removed and added to 2.8 ml. of H2O, and the absorp- 
tion was determined at a wave length of 240 my in a Beckman spectrophotometer. 
It was thus determined that the equilibrium was reached within 25 minutes (see 
Fig. 1), as the maximal F240 of 0.662 did not change beyond this time. At indicated 
times, 20 ml. aliquots were removed and immersed in a boiling water bath for 2 min- 
utes with immediate subsequent cooling in an ice bath. These aliquots were filtered 
through Whatman No. 42 filter paper and made up to 26.5 ml. with H.O. 20 ml. of 
these diluted aliquots, containing approximately 63 to 71 wmoles of d-isocitrate, were 
added to 250 umoles of glycylglycine buffer, pH 7.42, 16.2 umoles of MnClo, 0.50 ml. 
of isocitrie acid dehydrogenase, and approximately 52 wmoles of unneutralized TPN 
in a total volume of 27 ml. The D.2O concentration at this time was 47.6 per cent by 
volume. The incubations were carried out at 30°; complete reduction of the nucleo- 
tide was achieved within 10 minutes. At exactly 11 minutes, the reactions were 
stopped by immersing the flasks for 2 minutes in a boiling water bath with imme. 
diate subsequent cooling in an ice bath. Nicotinamide and citrate were isolated 
as described in the text. 


| Deuterium content 
TPN Citrat 
| 
with aconitase| samples Atom Atom Atoms Atom 
per cent deuterium per cent deuterium 
excess* per moleculet excess* per molecule 
1 | 20 10.6 0.040 0.025 0.211 0.093 
2 | | 0.052 0.043 0.781 0.344 
4 | 315 | 16.7 «0.015 0.015 1.190 0.524 
480 | 20.0 0.022 0.026 1.240 0.546 


* Experimental values. 

t Values corrected for dilution (when applicable) and calculated on the basis that 
1 atom of deuterium per molecule of nicotinamide and quinidine citrate corresponds 
to values of 16.7 and 2.28 atoms per cent excess, respectively. 


dehydrogenase (6), and wheat germ malic dehydrogenase (7), or opposite 
to these (7.e., similar to that of 6-hydroxysteroid dehydrogenase (8) and 
transhydrogenase (1)), chemical oxidation could not lead to essentially 
unlabeled TPN had the reduced nucleotide been highly labeled. The con- 


ls 
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clusion must, therefore, be made that isocitric dehydrogenase catalyzes a 
direct transfer of hydrogen from d-isocitrate to the oxidized nucleotide so 
that no deuterium from the medium can enter the reduced nucleotide. 

Further incubation with the enzyme preparation, up to 1 hour after com- 
plete reduction of the nucleotide had been achieved, did not introduce more 
deuterium into the reduced TPN (Experiment 2, Table I). This experi- 
ment was carried out to examine the possibility of a simple exchange of 
TPNH with D.O, occurring subsequently to TPN reduction. 

Previous incubation of d-isocitrate in D.O with an Fet*-cysteine reac- 
tivated enzyme preparation, which now exhibited sufficient aconitase ac- 
tivity to establish the aconitase equilibrium before the TPN addition, did 
not lead to a significant increase in the deuterium content of the TPNH 
(Experiment 3, Table I; all of the experimental deuterium values are too 
low to be considered significant). Experiment 3 suggested that the aconi- 
tase probably behaved in a stereospecific manner as formulated in Reaction 
4, since non-stereospecific action as formulated in Reaction 5 would have 
led to the introduction of deuterium into TPNH by the subsequent action 
of isocitric acid dehydrogenase on the doubly labeled isocitrate. Sub- 
stantiation of this suggestion is presented im the following section. 

Stereospecificity of Aconitase Action —It was necessary to assess the extent 
of labeling of isocitrate during incubation with aconitase, in order to eval- 
uate the results of subsequent reaction of the isocitrate with TPN. Since 
isocitrate isolation presented technical problems because of its low concen- 
tration at equilibrium, citrate was used in these experiments and was 
isolated after various periods of incubation with purified aconitase in heavy 
water. The results of an experiment outlined in Table IT indicate that, 
while incubation of citrate with aconitase led to a continual introduction of 
deuterium into citrate, no such increase with time was observed in the deu- 
terium content of the TPNH obtained by the subsequent action of isocitric 
acid dehydrogenase on the d-isocitrate present in the corresponding equili- 
bration mixtures. If the aconitase were not stereospecific, such deuterated 
citrate molecules should have yielded d-isocitrate molecules with deuterium 
on all positions where a subsequent direct transfer of hydrogen to TPN 
could occur, and accordingly such a reaction should have yielded TPND. 
The results, therefore, definitely establish the stereospecific behavior of 
aconitase with respect to the methylene hydrogen eliminated in the con- 
version of citrate to czs-aconitate. 

Another argument supporting the view that aconitase is stereospecific 
may be based on a consideration of the quantitative aspects of the extent of 
labeling of the citrate. The incubations of citrate with aconitase were 
carried out in a medium containing 85 per cent D.O. A stereospecific 
mechanism according to Reaction 4 should lead maximally to the introduc- 
tion of 0.85 atom of stably bound deuterium per molecule of citrate, whereas 
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a non-stereospecific reaction according to Reaction 5 should lead maximally 
to 1.70 atoms of deuterium per molecule of citrate, fractionation due to 
isotope effects being neglected. If the value of 0.546 obtained after 8 hours 
is taken to be close to the equilibrium value, one may conclude that the 
reaction is occurring stereospecifically and furthermore that there is an 
isotope effect, Ay/Kp, of 85(1 — 0.546)/15 X 0.546 or 4.7 in the hydration 
of aconitate. Since this figure is in the range of Ky/Kp values for other 
reactions (24), it is suggested that the making of a C—H bond is rate- 
limiting in the hydration of aconitate. It is also suggested that the break- 
ing of a C—H bond is not rate-limiting in the dehydration of citrate, since, 
if it were, the above isotope effect should not have been observed. 

The rate of labeling of citrate is compared with the rate of aconitate 


| 
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Fic. 1. Comparison of rate of cis-aconitate formation from citrate with rates of 
deuterium incorporation into citrate. O, cis-aconitate formation; A, atoms of 
D per molecule of citrate. For the conditions of the experiment, see Table II. 


formation in Fig. 1. It can be seen that the chemical equilibrium is estab- 
lished much more rapidly than the isotope equilibrium. The significance 
of this observation is discussed below. 


DISCUSSION 


Two major conclusions can be drawn from the present experiments: (1) 
that aconitase functions stereospecifically with respect to the 2 hydrogen | 
atoms on the methylene group involved in the dehydration of citrate and | 
(2) that isocitric dehydrogenase catalyzes a direct transfer of hydrogen to 
TPN. | 

The first conclusion is based on the finding that incubation of citrate | 
with aconitase in 85 per cent heavy water leads to the accumulation of | 
aconitic acid which is devoid of deuterium. This fact was established in , 
two ways, namely, by direct demonstration that monodeuterio- rather than | 
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dideuteriocitrate is formed and by indirect demonstration that monodeu- 
terio- rather than dideuterioisocitrate is formed in this system. The latter 
demonstration was based on the fact that the isocitrate present in such an 
equilibrium mixture contained no deuterium at a site transferable to TPN. 

That a direct transfer of hydrogen from isocitrate to TPN was occurring 
under these conditions was established by the absence of deuterium in the 
reduced TPN despite the high D.O content of the medium. Since the 
isocitrate must have contained deuterium on the $-carbon, one may rule 
out this position as the source of the hydrogen which is transferred directly 
to TPN and conclude that it is the hydrogen on the a-carbon which is trans- 
ferred to TPN. This conclusion is compatible with the view that the first 
product of the oxidation is the keto form of oxalsuccinate, but does not rule 
out the primary formation of the enol form which, from the present data, 
can arise from d-isocitrate only by the direct transfer of the a-carbon-bound 
hydrogen to TPN and the loss of the 6-carbon-bound hydrogen (deuterium) 
to the medium as a proton. 

It can be seen that some of the above conclusions are based on the as- 
sumption that the isocitrate formed in the present experiments contained 
only 1 deuterium atom per molecule, as the result of D.O addition to un- 
labeled aconitate. In several recent studies, it has been pointed out, how- 
ever, that aconitic acid is not an obligatory intermediate in the intercon- 
version of citrate and isocitrate (25-28). While Krebs and Holzach (29) 
have shown a lag period in the formation of isocitrate from citrate, Tomi- 
zawa (26, 27) and Speyer and Dickman (28) have pointed out that such 
lag periods are not incompatible with a direct interconversion of citrate 
and isocitrate. 

It might, therefore, be argued that the isocitrate in the present experi- 
ments was formed by direct conversion of citrate to isocitrate rather than 
by hydration of aconitate. If this were the case, the resulting isocitrate 
would, nevertheless, be labeled by virtue of its formation from the demon- 
strably labeled monodeuteriocitrate. The latter became labeled, as pointed 
out below, by addition of D.O to aconitate, which, whether an obligatory 
intermediate or not, certainly accumulates rapidly in this system (see lig. 
1). In all likelihood, the isocitrate was actually derived in part directly 
from citrate and in part from aconitate in the present experiments, but the 
conclusions reached are independent of its means of derivation. 

The recent study of Speyer and Dickman (28) has shown conclusively, by 
means of experiments in heavy water, that there is a direct conversion of 
isocitrate tocitrate. Speyer and Dickman, like Tomizawa, have postulated 
that a single intermediate exists which is common to the three substrates. 
They view this intermediate as a carbonium ion capable of existing in two 
forms by virtue of an intramolecular hydrogen transfer, somewhat as 
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shown in Fig. 2. According to this view, the stereospecificity demonstrated 
here for the aconitase reaction would consist in a selective action on one of 
the pair of methylene hydrogens on the carbonium ion (I) derived from 
citrate. This selectivity would apply not only to the dissociation of the 


COOH COOH COOH COOH 
| 
CH. CH. CH: CH, 
| | +OH- 
HO—C—COoOoH;: > +C—COOH @ H—C—COOH > H—C—CO0k 
+QOH- —OH- 
H—C—H H—C—H +C—H H—C—OH 
COOH COOH COOH COOH 
CH, 


| 
C—COOH + H*(or D*) 


C—H 
COOH 
7 
COOH COOH COOH COOH 
| 
CH, CH, CH, CH, 
+0D- | | | +0D- | 
DO—C—COOH* > +C—COOH & D—C—COOH, > 
om | —()])- 
D—C—H +C—H DO—C—H 
COOH COOH COOH COOH 
(I) (II) 


Fic. 2. Mechanism of aconitase action (cf. Speyer and Dickman (28)), illustrat- 
ing stereospecific behavior. 


hydrogen as a proton to form aconitate, but also to the intramolecular 
transfer of the hydrogen to form carbonium ion (II). 

The stereospecificity reported here for aconitase is quite analogous to 
that reported recently for fumarase (9-11). Furthermore, the kinetics of 
labeling in the two cases suggest that similar mechanisms are involved in 
the aconitase and fumarase reactions. Fisher et al. (9) originally reported 
that, when malate was incubated very briefly with fumarase and heavy 
water, the malate became labeled with deuterium before any appreciable 
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fumarate had been formed. They suggested, therefore, that the first step 
in the dehydration of malate was a rapidly reversible dissociation of a 
proton to form a carbanion, which subsequently lost a hydroxy! ion to form 
fumarate. However, later experiments in the same laboratory revealed 
that the deuterium was incorporated into malate at exactly the rate ex- 
pected for a process proceeding thus: malate — fumarate — labeled malate 
(R. A. Alberty, personal communication). 

Similarly, in the case of aconitase, the labeling of the citrate appears to 
occur via the process: citrate — aconitate — labeled citrate. Thus, al- 
though citrate is labeled rapidly, it does not become equilibrated with iso- 
tope until long after the equilibrium concentration of aconitate has been 
reached (Fig. 1). This result supports the view of Speyer and Dickman 
that a carbonium ion rather than a carbanion is the intermediate. Accord- 
ing to this view, citrate can become labeled at C-—H bonds only via con- 
version to aconitate. It can be calculated that the rate of equilibration of 
citrate with isotope corresponds closely to that expected from the rate of 
formation of aconitate, although this is not immediately apparent from the 
curves in Fig. 1, where the half times for reaching chemical equilibrium and 
isotope equilibrium are about 4 minutes and 70 minutes, respectively. 
However, if one takes into account the fact that only about 4 per cent of the 
added citrate is converted to aconitate at chemical equilibrium, whereas 
about 55 per cent of the citrate is converted to labeled citrate at isotope 
equilibrium, then it becomes clear that the rate of labeling of the citrate is 
as fast as can be expected for a process proceeding via aconitate. 


The authors are indebted to Dr. Theodore Enns of The Johns Hopkins 
University School of Medicine, working under Veterans Administration 
contract No. VIO01M-527, for his kind cooperation in conducting the 
deuterium analyses. 


SUMMARY 


1. Pig heart triphosphopyridine nucleotide isocitric acid dehydrogenase 
catalyzes a direct hydrogen transfer from the a-carbon of d-isocitrate to the 
oxidized nucleotide. This was shown by the absence of deuterium from 
the reduced nucleotide after the reaction had proceeded in heavy water, 
even when aconitase was present to provide isocitrate labeled with deute- 
rium on the 8-carbon. 

2. Pig heart aconitase catalyzes a stereospecific reaction with regard to 
the methylene hydrogen atoms involved in the equilibration between 
citrate and cis-aconitate. This was shown by the fact that neither citrate 
nor isocitrate becomes labeled at more than one C-—H bond upon equili- 
bration in heavy water. 
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3. Studies on the rate of labeling of citrate support the view of Speyer 
and Dickman that aconitase action proceeds via an intermediate carbo- 
nium ion rather than a carbanion. 
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NUCLEOTIDE SPECIFICITY OF OXALACETIC CARBOXY LASE* 
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The partial purification of OAA! carboxylase from acetone powders of 
chicken livers has been reported previously (2) and the reaction mechanism 
postulated to be that shown in Equation 1 (3). 


OAA + ITP & phosphoenol pyruvate + IDP + COs; (1) 


Originally, ATP had been considered to be an active donor in this reaction 
(4, 5), but studies with purified ATP and the demonstration that partially 
purified carboxylase contained nucleoside diphosphokinase (6, 7) as a con- 
taminant led to the hypothesis that ATP acted in a secondary fashion via 
Equation 2 (8). 


ATP + IDP = ADP + ITP (2) 


We report here a more definitive study of the nucleoside polyphosphate 
specificity of OAA carboxylase. By the use of more highly purified OAA 
carboxylase, which has been essentially freed from nucleoside diphospho- 
kinase, it has been shown that only inosine and guanosine polyphosphates 
can react in Equation 1 and that adenosine, cytosine, uridine, and xantho- 
sine derivatives are inactive. 


* This work was supported in part by contract No. AT-(30-1)-1050 with the Atomic 
Energy Commission and in part by the Elisabeth Severance Prentiss Foundation. 
The C'* was obtained upon allocation from the Atomic Energy Commission. A pre- 
liminary report of this work has been presented elsewhere (1). 

t This material was taken in part from a thesis submitted by K. Kurahashi in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy, De- 
partment of Biochemistry, Western Reserve University. Present address, National 
Institutes of Health, Bethesda, Maryland. 

t Work performed during the tenure of a fellowship of the Kellogg Foundation. 
Present address, The Rowett Institute, Aberdeen, Scotland. 

1 The following abbreviations are used throughout: OAA, oxalacetate; IDP, ino- 
sine diphosphate; ITP, inosine triphosphate; ADP, adenosine diphosphate; ATP, 
adenosine triphosphate; GTP, guanosine triphosphate; UTP, uridine triphosphate; 
CTP, cytidine triphosphate; DPN, diphosphopyridine nucleotide; GSH, reduced 
glutathione; XDP, xanthosine diphosphate; ATeP, adenosine tetraphosphate; AMP, 
adenosine monophosphate; IMP, inosine monophosphate; GDP, guanosine diphos- 
phate; UDP, uridine diphosphate. 
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Materials and Methods 


OAA Carboxylase-—Two different preparations of OAA carboxylase have 
been used in these studies. One was prepared from an acetone powder of 
whole chicken liver (Fraction FA) as described previously (2). Other 
experiments were carried out with a second preparation of higher purity 
obtained from chicken liver mitochondria. The details of this preparation 
are described in a later section. 

Other Enzymes—Malic dehydrogenase was obtained from pig heart by 
the method of Straub (9) and showed a specific activity of 22.5 units? per 
mg. of proteimm when assayed with DPNH and OAA, Lactic dehydro- 
genase was purified from rabbit muscle according to Kornberg and Pricer 
(10) and had a specific activity of 57 units per mg. of protein with DPNH 
and pyruvate. Pyruvic kinase was also obtained from rabbit muscle (10) 
and showed a specifie activity of 15 units per mg. of protein in the coupled 
reaction with DPNH and lactic dehydrogenase. Protein was determined 
by the biuret method (11) with bovine albumin as a reference standard. 

Nucleoside Polyphosphates—-Commercial ITP was purified by chroma- 
tography on Dowex 1 resin as described in a later section. IDP was pre- 
pared by deamination of ADP by methods similar to those described by 
Kleinzeller (12) and Lehninger (13) and purified by chromatographic pro- 
cedures as described later. The GDP used in preliminary experiments 
was kindly supplied by Dr. J. L. Strominger and further studies employed 
commercial GDP (Sigma Chemical Company). GTP was prepared from 
GDP by transphosphorylation with phosphoenol pyruvate and pyruvic 
kinase and purified by chromatography on Dowex 1 resin. Adenosine 
tetraphosphate was obtained from the Sigma Chemical Company through 
the courtesy of Dr. I. Lieberman. The cytosine and uridine polyphos- 
phates were commercial products (Pabst Laboratories) which were further 
purified in some instances. Xanthosine diphosphate was prepared by de- 
amination of GDP under the same conditions used for the preparation of 
IDP (12, 13), followed by chromatographic separation on Dowex 1 resin 
(chloride form). XDP is gradually eluted from such columns by 0.01 ‘ 
HCI]-0.05 m NaCl. Ordinarily, ATP was obtained by chromatographic 
separation of the commercial amorphous salt but in some cases ATP of 
higher purity was prepared from ADP by transphosphorylation with 
phosphoenol phosphate and pyruvic kinase. 

The preparation or source of the following materials has been described 
previously: OAA, AMP, GSH, NaHC'Os, alumina Cy gel, and Ca;(PO4)2 
ge] (2), DPN and DPNH (3), and IMP (8). 

Assay of OAA Carboxylase-——OAA carboxylase activity was usually de- 


* Activities of all enzymes are reported with units equivalent to micromoles, or 
indicated fractions thereof, of substrate utilized or product produced per minute. 
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termined by measuring the rate of incorporation of C“Ozs into OAA as de- 
scribed previously (2), with the exception that ITP was substituted for 
ATP, thereby increasing the rate of reaction some 2- to 3-fold. The 
activity is expressed throughout in units of 1 X 107° umole of COs: fixed 
per minute. The effect of the various nucleoside polyphosphates was 
measured by addition at substrate levels (1 X 107% mM) or by addition of 
trace amounts of the nucleotide under test, along with a substrate amount 
of purified ATP. A second assay method for OAA carboxylase measured 
the oxidation of DPNH in the coupled reaction with malic dehydrogenase 
when phosphoenol phosphate, COs, and a nucleoside diphosphate are used 
as substrates (3). 

Assay of Nucleoside Diphosphokinase Activity—Berg and Joklik assayed 
nucleoside diphosphokinase activity by coupling with myokinase and 
adenylic deaminase (7). A different procedure, based upon the specificity 
of pyruvic kinase for various phosphate acceptors, has been used in these 
experiments. It was found that IDP is only about one-fifth to one-seventh 
as active as ADP as an acceptor for pyruvic kinase. Similar relative 
activities for IDP and ADP have been reported recently by Strominger 
(14). In the present assay IDP was used as the phosphate acceptor and 
the reaction was coupled with lactic dehydrogenase in the usual way with 
the spectrophotometric determination of the rate of oxidation of DPNH. 
Since the IDP can act as an acceptor in this system, activity is observed 
with IDP alone, which is not increased appreciably by the addition of 
ATP. However, when nucleoside dinvhosphokinase is added, ADP is 
formed (Equation 2) and the rate of DPNH oxidation increases. 

The assay mixture contains 100 wmoles of potassium phosphate buffer 
(pH 7.1), 10 umoles of MgClo, 0.3 to 0.4 umole of DPNH, approximately 
0.2 unit of pyruvic kinase (in 1 per cent bovine albumin), 0.5 umole of 
phosphoenol phosphate, 0.25 umole of ATP, 2 units of lactic dehydro- 
genase, and an appropriate amount of nucleoside diphosphokinase in a 
total volume of 3 ml. The reaction is started by the addition of 0.5 
umole of IDP after the base line activity has been established. This ac- 
tivity is very small but varies with different fractions, presumably accord- 
ing to ATPase content. The nucleoside diphosphokinase activity is ex- 
pressed as micromoles X 10°? of DPNH_ oxidized per minute after 
subtraction of a control value obtained with TDP in the absence of nucleo- 
side diphosphokinase. 

Fig. 1 shows a typical experiment in which Curve A represents the [DP 
control and Curve B the increased activity obtained upon addition of 
nucleoside diphosphokinase. Fig. 2 shows the relationship of concentra- 
tion of an impure preparation of nucleoside diphosphokinase to activity as 
measured under the conditions described above. 
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Fic. 1. Influence of nucleoside diphosphokinase on pyruvic phosphokinase activity 


in the presence of IDP and ATP. Experimental conditions are described in the 
text. Nudiki = nucleoside diphosphokinase. 
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Fic. 2. Effect of concentration of nucleoside diphosphokinase. The ordinate 
represents the activity of nucleoside diphosphokinase. 1 unit is equivalent to 1 X 
10-2 pmole of DPNH reoxidized per minute. The constituents of the reaction mix- 
ture are described in the text. Control values with IDP alone have been subtracted 
in each case. Nudiki = nucleoside diphosphokinase. 
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Since this method is based on the measurement of the rate of pyruvic 
kinase activity, variations in the activity of this enzyme affect the value 
obtained for nucleoside diphosphokinase activity, and it is necessary to 
include a sample of nucleoside diphosphokinase of known activity in each 
series. 
Preparation and Analysis of Nucleoside Polyphosphates—Complete sep- 
aration of mixtures of adenosine and inosine polyphosphates was achieved 
by chromatography with Dowex 1 resin columns (chloride form, 4 per cent 
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Fic. 3. Separation of inosinic and adenylic nucleotides. For AMP, ADP, and 
ATP, the top of the solid portion of each bar denotes optical density at 250 my, and 
the top of the open bar the optical density at 258 mu. For IMP, IDP, and ITP, the 
top of the solid portion of each bar denotes optical density at 258 my and the top of 
the open bar the optical density at 250 mu. The eluents reading from left to right 
are A = HO (100 ml.), B = 0.003 n HCI (180 ml.), A = H.O (60 ml.), C = 0.03 m 
NH,Cl (100 ml.), D = 0.05 m NH,Cl (140 ml.), A = H,O (50 ml.), E = 0.01 n HCI- 
0.02m NaCl (140 ml.), A = (60 ml.), F = 0.15mMNH,Cl (160ml.), A = (100 
ml.), G = 0.01 n HCI-0.09 m NaCl (180 ml.), H = 0.01 n HCI-0.3 m NaCl (140 ml.), 
I = 0.01 n HC1-0.5 m NaCl (80 ml.). 


cross-linked, 200 to 400 mesh). The method of Cohn and Carter (15) was 
modified by using 0.05 m and 0.15 m NH,4Cl (pH 4.8) to elute IMP and 
IDP, respectively. The NH,CI solutions were preceded by a water wash 
in each case. This modification permits a clear-cut separation of the six 
adenosine and inosine phosphates, including IDP and ATP, and can 
serve as a preparative procedure for the latter two compounds. An 
example of the foregoing chromatographic procedure as applied on a small 
scale is presented in Fig. 3, where 3.18 wmoles of a mixture of AMP, ADP, 
and ATP and 2.55 umoles of a mixture of IMP, IDP, and ITP were chro- 
matographed on a 5 cm. X 0.39 sq.cm. column. The recovery of adeno- 
sine compounds was 3.24 umoles and of inosine compounds, 2.66 umoles. 
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In most cases the concentration of various nucleotides was determined 
spectrophotometrically, but the concentration of polyphosphates was also 
checked by determination of acid-labile phosphate and, in some cases, by 
ribose analysis (16). Phosphate was determined by the method of Loh- 
mann and Jendrassik (17). 


Results 


Purification of OAA Carboxylase from Chicken Liver Mitochondria—The 
connective tissue was removed from 80 gm. of fresh chicken liver by being 
forced through a 1 mm. mesh stainless steel screen. The liver pulp was 
homogenized for 30 seconds with 10 volumes of cold 0.25 M sucrose in a 
Waring blendor at reduced motor speed (18). After removal of most of the 
unbroken cells and nuclear fraction by centrifugation for 15 minutes at 
1000 X g, the mitochondrial fraction along with some microsomes was 
collected in a Spinco preparative centrifuge at 20,000 * g for 15 minutes. 
The precipitate was suspended in 0.9 per cent KCl, equivalent to 0.8 vol- 
ume of the sucrose used for homogenization, and poured into 10 volumes of 
acetone held at —15°. After a few minutes standing, the residue was 
collected by filtration, washed with 2 volumes of cold acetone, and dried 
in vacuo over HSO, at 2-5°. The yield of mitochondrial powder is 3.5 to 
4+ gm. per 100 gm. of liver pulp. 

10 gm. of the mitochondrial powder were extracted by stirring with 100 
ml. of potassium phosphate buffer (pH 7.8, 0.008 m) for 60 minutes at 0°. 
After centrifugation for 10 minutes at 3300 X g, the precipitate was re- 
extracted for 10 minutes with an additional 100 ml. of buffer. The com- 
bined supernatant fluids were then purified by gel treatments, as outlined 
in Table I. The starting extract had a ratio of carboxylase to nucleoside 
diphosphokinase activities of 0.054, with the activities expressed on a 
comparable basis. In the present preparation (Table I), the mitochondrial 
fraction was not washed, but, in a similar preparation not shown here, the 
nucleoside diphosphokinase content of an acetone powder from once washed 
mitochondria was found to be essentially the same as in the preparation 
described here. 

Treatment of the mitochondrial extract with Ca3(PO4)2 gel (Step B) and 
alumina Cy gel (Step C) was carried out as described previously in studies 
with acetone powders from whole liver (2). The alumina Cy gel was 
eluted successively with 0.04 mM phosphate buffers of pH 6.4, 6.8, and 7.4, 
yielding Fractions C-1, C-2, and C-3, respectively. The step with alu- 
mina Cy gel was then repeated to obtain Fractions C-4, C-5, and C-6. 
Fractions C-1, C-4, and C-5, which show the highest activity, have been 
reported as a combined fraction in Table I. The specific activity of OAA 
carboxylase at this stage is 138 units per mg. of protein when assayed in 
the exchange reaction with ITP as the phosphate donor. 
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Portions of Fractions C-4 and C-5 with somewhat higher activity were 
pooled and subjected to a second treatment with alumina gel, as shown in 
the lower section of Table I. A weight of gel equivalent to one-half the 
protein was added and the gel eluted with 0.04 m potassium phosphate buf- 
fers, pH 6.4 and 6.8. This process was repeated twice. Finally, the three 
portions of gel were combined and eluted with a buffer of pH 7.4. The 
five fractions reported all show OAA carboxylase with a specific activity of 
300 to 450, but the nucleoside diphosphokinase content of the various frac- 


TABLE | 
Purification of OAA Carboxylase from Chicken Liver Mitochondria 
| Nucleo- | Ratio of 
Step Fraction mg. side 
ospno- 
Unitst | | "Kinase 
A Mitochondrial extract 3130 11.0 | 34,430 | 203 0.054 
B | Caz(POx«)2 gel supernatant. 814 42.3 | 34,430 
Ct | Alumina Cy eluates 134 138 18,500 
C’t | Alumina Cy eluates 27.4 | 163 4,460 24 6.8 
D 2nd alumina gel treatment 
D-1, 0-0.5 gm. gel, eluted, pH 6.4 0.7 | 391 274 | 46 8.5 
D-2, 0-0.5 gm. “‘ ™ ** 6.8 1.04 | 333 346 | 68 4.9 
D-3, 0.5-1.0 gm. 6.4 1.71 | 456 780 | 20 22.8 
D-4,0.5-1.0 gm. ‘“ ss * 6.8 1.21 | 300 363 | 35 8.6 
D-7,0-15 gm. 1.71 | 350 599 8.3 | 42.2 


* Specific activity = units per mg. of protein. 

Tt Units = micromoles X 10-? per minute of CO, fixed. Assayed as described 
previously (2), with ITP substituted for ATP. 

t C represents a mixture of Fractions C-1, C-4, and C-5 (see the text), and C’, a 
mixture of Fractions C-4 and C-5. 


tions varies widely. ‘This level of purity of OAA carboxylase is approxi- 
mately 5-fold higher than the best preparation obtained previously from 
whole chicken liver (2), when allowance has been made for the fact that the 
earlier assays were carried out with ATP rather than ITP. The highest 
ratio of carboxylase to nucleoside diphosphokinase activities, 42.2, was 
found in Fraction D-7, and this fraction was used in later experiments in 
which it was desirable to minimize the effect of nucleoside diphosphokinase. 
The gain in the ratio of carboxylase to nucleoside diphosphokinase activi- 
ties is 780 in this fraction compared with the starting extract. This level 
of nucleoside diphosphokinase activity is so low as to be negligible, espe- 
cially under the experimental conditions used in later experiments where 
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the level of one of the substrates for nucleoside diphosphokinase is ex- 
tremely low. 

Effect of GDP on COz Exchange Reaction in Presence of Nucleoside Di- 
phosphokinase—After preliminary experiments had established that GDP 
as well as IDP had a striking effect on the CO, exchange reaction with 
OAA, a comparison of the effects of GDP and IDP was made. For these 
experiments a relatively impure OAA carboxylase containing large amounts 


32 
WITH GDP 


WITH IOP 


MM X 102 OF COs FIXED 


0.008 GDP. no ATP” 


0.04 IDP no ATP 


4 i 1 i j i 
00510 20 30 40 x10? 
IDP or GDP, 


Fic. 4. Effect of IDP and GDP concentration on CO, exchange reaction in the pres- 
ence of ATP. Each vessel contained 60 wmoles of OAA (neutralized to pH 6.2 with 
Na;PO,), 2.5 umoles of GSH, 2 umoles of Mn*t*t, 0.5 umole of chromatographed ATP, 
50 wmoles of NaHC'O; containing 800,000 c.p.m., 160 y of OAA carboxylase protein 
(Fraction FA, specific activity = 93), and IDP or GDP as indicated (um-micro- 
moles) in a total volume of 1.0 ml.; 5 minutes incubation at 38°. Gas phase, air. 


of nucleoside diphosphokinase was used. The results (lig. 4) show the 
effects of adding small amounts of IDP or GDP in the presence of 0.5 
umole of ATP. The latter had been purified chromatographically and had 
very slight activity by itself. At the concentrations tested, GDP was 3 to 
5 times as effective as IDP in increasing the activity of OAA carboxylase. 

In the absence of ATP, 0.008 ymole of GDP or 0.04 umole of IDP pro- 
duced low but significant activity. It is not clear whether this activity is 
intrinsic to the diphosphates, is due to contamination by triphosphates, or 
is due to the presence of myokinase-like reactions. 

IDP as Primary Acceptor in OAA Carboxylase Reaction—Since GDP 
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was far more active than IDP in the above experiments, the possibility 
existed that IDP was active by virtue of contamination by GDP or some 
other very active substance. The IDP was prepared by deamination of 
ADP, and it seemed unlikely that any GDP present as a contaminant would 
remain as such but rather that it would have been deaminated to xantho- 
sine diphosphate. The possibility that XDP might be active in the 
carboxylase reaction was, therefore, investigated. Table II shows the 
effect of XDP alone and with IDP when tested under conditions similar to 
those employed for testing GDP (Fig. 4). XDP is seen to be inactive or 
even a little inhibitory, lending no support to the idea that the activity of 
IDP is due to the presence of X DP. 


TABLE II 
Effect of XDP on CO, Exchange Reaction 
Additions 

ATP IDP XDP 
pmole pmole pmole pmoles X 10? 
1.0 ATP 10.4 
1.0 0.04 XDP 9.5 
1.0 0.04 ‘¢ + IDP 28 .6 
1.0 0.04 0.04 «+ XDP, + IDP 25.2 


Experimental conditions as described in Fig. 4, except for nucleotides and incu- 
bation period. Nucleotides as indicated. The ATP was purified by chromatog- 
raphy, 160 y of OAA carboxylase protein (Fraction FA, specific activity = 93) was 
used. Incubated for 7.5 minutes; gas phase, N>. 


Further evidence that the activity of IDP is inherent rather than due to 
a contaminant was provided by careful chromatographic separation of 
IDP into a number of fractions, followed by a comparison of the relative ac- 
tivities of the various fractions. 20 umoles of IDP were placed on a Dowex 
1 (chloride) column and eluted successively with 0.01 nN HCI-0.05 m NaCl, 
water, and 0.15 m NH,Cl (pH 4.8) until a total of seven fractions had been 
obtained. The nucleotide was precipitated from each fraction as the bar- 
ium salt and each fraction was analyzed for acid-labile phosphate. Trac- 
tion I contained little acid-labile phosphate and was discarded, but five of 
the other fractions were tested in the CO, exchange system by coupling 
with ATP and nucleoside diphosphokinase (Table III). The various frac- 
tions of IDP were equally active within experimental error, and all the 
fractions have approximately the same activity as the unchromatographed 
material. This experiment gives no indication that IDP contains an 
active contaminant which can be removed or concentrated. 
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Additional evidence that IDP and ITP are primary reactants in the 
OAA carboxylase reaction is provided by experiments shown later in 
Table V, in which at high concentration levels ITP is a more effective 
phosphate donor than GTP and, also, by experiments in Table VI, in which 
either IDP or GDP was found to act as a phosphate acceptor in the synthe- 
sis of OAA from phosphoenol pyruvate and CO, under conditions whereby 
a catalytic effect is obviated by the nature of the experiment. 

Comparison of Vartous Nucleoside Triphosphates in COs Exchange Reac- 
ttion—The availability of OAA carboxylase with an extremely low content 
of nucleoside diphosphokinase made it possible to test the individual 


TABLE III 
Effect of Various Fractions of Chromatographed IDP on COs Exchange Reaction 


Additions 
Purified ATP Chromatographed IDP 
Amount Fractions* | 
1.0 10.4 
1.0 0.04 Il 25.4 
1.0 0.04 III | 24.9 
1.0 0.04 IV 26.1 
1.0 0.04 Vv 27.3 
1.0 0.04 Vil 25.9 
1.0 0.04 Original | 28.6 


| | 
Ixperimental conditions as described in Table II. 160 y of carboxylase protein 
(specific activity = 93). 
* See the text. 


nucleoside triphosphates in the CO, exchange reaction. Previously, it had 
been shown that the effectiveness of ATP in this reaction declined with 
increasing purity of ATP (8). ATP, prepared from chromatographed 
ADP by transphosphorylation with phosphoenol pyruvate and pyruvic 
kinase, is perhaps the least contaminated by guanosine polyphosphates of 
any samples which we have tested, including the commercial crystalline 
material. In Table IV, the activities of commercial ATP (amorphous), 
chromatographed ATP, and a sample prepared from ADP are compared 
with ITP. The ratio of activities of ITP and the sample of purest ATP 
is 60, as compared with a ratio of 17 observed previously in similar assays 
with OAA carboxylase containing abundant nucleoside diphosphokinase 
(8). Actually, the activity of the ATP prepared from ADP is so low as 
to approach the counting error involved. Crystalline ATP is roughly 
comparable to ATP purified by chromatography in terms of this assay. 
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By using the same fraction of OAA carboxylase, the activities of UTP, 
CTP, and ATP have been compared with those of GTP and ITP at two 
concentration levels (Table V). ATP and CTP have virtually no activity 
at either level, but UTP possesses significant activity which is probably 


TABLE IV 


CO, Exchange Reaction with Nucleoside Diphosphokinase-Low OAA Carbozylase with 
Different Samples of ATP 


Additions COs fixed per 
Amount min. per mg. 
Nucleotide Description 
pmole umoles X 10° 
ATP Prepared from chromatographed ADP 0.5 3.9 
Chromatographed | 0.5 10.8 
ys Commercial (amorphous) | 0.5 17.2 
ITP Chromatographed | 0.5 242.0 
j 


Experimental conditions as described in Fig. 4, except for enzyme and nucleotides. 
29 y of OAA carboxylase protein (Fraction D-7, specific activity = 350) prepared 
from chicken liver mitochondria were used. Nucleotides as indicated. 


TABLE V 


Effects of Various Nucleoside Triphosphates on COz, Exchange Reaction with 
Nucleoside Diphosphokinase-Low OAA Carboxylase 


Additions | CO: fixed per min. per mg. protein 
umoles X 102° 
ATP Prepared from chromatographed ADP 0 1.3 
CTP Commercial 0 3.4 
UTP Chromatographed | 26.1 40 
GTP Prepared from GDP | 149 166 
ITP Chromatographed | 168 | 261 


Experimental conditions as described in Fig. 4, except for enzyme and nucleotides: 
23 y of OAA carboxylase protein (Fraction D-7, specific activity = 350) prepared 
from mitochondria were used. Nucleotides as indicated. 


due to contamination by GTP or ITP, since chromatography of the UTP 
failed to separate it satisfactorily from GTP and ITP. As shown in the 
next section, UDP is completely unable to act as a phosphate acceptor in 
the OAA carboxylase reaction, and it seems unlikely that uridine com- 
pounds have primary activity. 

Low concentrations of guanosine compounds are much more effective 
than inosine derivatives in the carboxylase reaction (Figs. 4 and 5), but, 
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with increasing concentrations, the ITP curve rises with a greater slope and 
at high levels ITP is more effective than GTP (Table V). 

The OAA carboxylase reaction is remarkably sensitive to low concentra- 
tions of GTP or ITP, even when nucleoside diphosphokinase intervention 
has been minimized or eliminated by omission of ATP. Experiments in 
Fig. 5 show that a concentration of GTP of 1 X 10-°M or of ITP of 4 X 10-5 
M is sufficient to induce the fixation of 15 K 10~? umole of CO, per minute 
per mg. of protein in an experiment in which the OAA carboxylase used 


28} 
24+ 
WITH ITP. 
% 12+ 4 
x< 
=s 8 0.5 wM ATP ‘ 
d 
Oo 1 1 
0 1020 40 8.0 XIO5M 
ITP or GTP 


Fic. 5. Effect of ITP and GTP concentration on CO, exchange reaction. Each 
vessel contained 240 y of OAA carboxylase protein (FA, specific activity = 75) and 
ITP or GTP as indicated; no ATP was added. Other conditions as described in Fig. 
4. 


had a specific activity of 75 as compared with 350 in the experiments of 
Table V. The level of activities exhibited by UTP (Table V) or amorphous 
ATP (Table IV) could be explained by slight contamination with GTP or 
GDP. 

Comparison of Various Nucleoside Diphosphate Acceptors in OAA Car- 
boxylase Reaction—Although the foregoing experiments indicated that OAA 
carboxylase had a specificity for guanosine and inosine polyphosphates, it 
was possible to confirm these results by testing the ability of the various 
diphosphates to act as phosphate acceptors in the synthesis of OAA from 
phosphoenol pyruvate and COs. By coupling the reaction with malic 
dehydrogenase and DPNH, OAA synthesis can be followed spectrophoto- 
metrically (3). The OAA carboxylase used in these experiments was low 
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in nucleoside diphosphokinase content, and, under the conditions of the 
assay, the nucleoside diphosphates cannot act catalytically as is possible 
in the exchange reaction used in the previous experiments. ‘Thus, trace 
contaminants of active substances have little influence. The results 
(Table VI) show clearly that only IDP and GDP are active. 

Identification of Active Contaminant in Commercial ATP—As described 
previously (8), commercial ATP contains a contaminant active in the 
OAA carboxylase reaction. Because of the chromatographic behavior of 
the contaminant it was tentatively considered to be an inosine derivative 
(8), although positive identification was not made. 


TABLE VI 


Activity of Various Nucleoside Diphosphates in Malate Synthesis Reaction with 
Nucleoside Diphosphokinase-Low OAA Carboxylase 


Additions 
OAA synthesized per min. per mg. 


Description protein 


Nucleotides (1 umole each) 


pmoles X 10? 


ADP Chromatographed 0 
IDP 67.8 
GDP Commercial 79.6 
UDP 0 
CDP 0 


23 y of carboxylase protein (Fraction D-7, specific activity = 350) were used. 
Nucleotides as indicated. In addition, each cuvette contained the following in a 
total volume of 3.0 ml.: 0.22 umole of DPNH, 0.6 unit of malic dehydrogenase, 0.9 
unit of lactic dehydrogenase (to remove pyruvate contained in phosphoenol pyru- 
vate), 2umoles of MnCl, 75 umoles of potassium phosphate (pH 7.1), 2 mg. of bovine 
albumin, 1 wmole of phosphoenol pyruvate, 50 umoles of NaHCO; (pH 7.4). Tem- 
perature, 25°. 


More rigorous attempts to identify the contaminant were made in the 
following manner. 1140 mg. of amorphous disodium ATP were chromato- 
graphed on Dowex 2 resin (chloride form, 4 per cent cross-linked) by a 
slight modification of the method described previously (Fig. 3). The first 
fraction was obtained by elution with 0.2 m NH,Cl which will remove IDP. 
The major ATP fraction was then eluted with 0.01 N HCI-0.12 m NaCl in 
four parts with the ATP peak appearing in the first of these fractions. 
0.01 n HCIl-0.2 m NaCl was used to elute two more fractions. After the 
nucleotides in each fraction had been isolated as the barium salt, each was 
tested for activity in the OAA carboxylase exchange reaction. ‘The major 
part of the activity was found in fractions which followed the ATP peak. 
These active fractions were chromatographed again twice, an attempt being 
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made each time to remove the faster moving ATP from the active com- 
ponent. The resulting material was found to have an activity at a level 
of 0.05 umole approximately equal to that of IDP or ITP but less than that 
of GDP. However, the absorption maximum (256 my) suggested the pres- 
ence of a guanylic derivative. Paper chromatography showed that the 
contaminant consisted of two components with 2, values corresponding to 
adenosine tetraphosphate and GTP, respectively, in two different solvent 
systems: isobutyric-ammonium hydroxide-Versene (6) and ammonium 
sulfate-water-isopropanol (19). After 9 minutes of hydrolysis in 1 x HCl 
at 100°, spots corresponding to those obtained by hydrolysis of ATeP and 
GTP were obtained. Phosphate and ribose analyses also supported the 
chromatographic findings. 


TaBLeE VII 
Effect of ATeP and Crystalline ATP on COz Exchange Reaction 
Additions 
_ COs fixed per min. 
ATP | ATeP GTP | Crystalline ATP | 
| — 
umole | umole | pmole | umole pumoles XK 10? 
0.5 | | | 4.7 
0.5 5.6 
0.5 0.08 | | 6.8 
1.0 | 13.0 
0.5 0.01 | 25.8 
0.5 0.08 | 40.8 
| 1.0 6.0 


lkxperimental conditions as described in Fig. 4, except for nucleotides and en- 
zyme. Nucleotides as indicated. 160 y of carboxylase protein (FA, specific ac- 
tivity = 93) were used. 


The finding that the active fraction contained ATeP as well as GTP 
made it necessary to test the former substance. Table VII shows that 
ATeP has no appreciable activity in the carboxylase system when tested 
in catalytic amounts in the presence of ATP. The slight activity of 1 
umole of ATeP is undoubtedly due to contamination with GTP, since the 
chromatographic behavior of the two compounds is so similar as to ren- 
der complete separation extremely difficult. The last line of Table VII 
shows the activity of crystalline ATP for purposes of comparison with the 
chromatographically purified ATP used in most of the foregoing experi- 
ments. 

DISCUSSION 


These studies show that the OAA carboxylase reaction is specific for 
guanosine and inosine polyphosphates, and that adenosine, uridine, cyto- 
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sine, and xanthosine polyphosphates act indirectly, if at all. This particu- 
lar nucleotide specificity closely resembles that of the substrate level 
phosphorylation connected with a-ketoglutarate oxidation as reported by 
Sanadi et al. (20, 21). With both systems, guanosine derivatives are con- 
siderably more effective than inosine compounds, although, in the case of 
OAA carboxylase at least, the relative activities are dependent upon experi- 
mental conditions. Guanosine polyphosphates act in the OAA carboxylase 
reactions at very low concentrations, especially in conjunction with ATP 
and nucleoside diphosphokinase, in which the effects of GTP and GDP at 
levels of 1 X 10-° mM can be easily observed. The parallelism in the speci- 
ficities of a-ketoglutarate oxidase and OAA carboxylase suggests a possible 
metabolic relationship between the two enzymes in the formation of phos- 
phoenol pyruvate, particularly under conditions whereby nucleoside di- 
phosphokinase or ATP may be limiting. Sucha situation may have been 
observed by Mudge et al. (22) in their studies with washed mitochondria 
which could form phosphoenol pyruvate from a-ketoglutarate but not from 
other dicarboxylic acids. Under most circumstances, however, it seems 
likely that ATP acting via nucleoside diphosphokinase furnishes the phos- 
phate for phosphoenol pyruvate formation. The amounts of nucleoside 
diphosphokinase present in or on mitochondrial preparations must still be 
relatively high, as shown in Table I and also by experiments of Bandurski 
and Lipmann (23) and Bartley (24) in which ATP was used as a phosphate 
donor for phosphoenol pyruvate formation. In addition, Gibson et al. 
(25) have recently used mitochondrial powders of kidney and heart as 
starting materials for the preparation of nucleoside diphosphokinase. 

GTP and GDP have also been implicated recently in two other reactions: 
the incorporation of amino acids into proteins by enzyme systems from rat 
liver (26) and the conversion of IMP to AMP (27). In both of these sys- 
tems ITP and IDP had little ability to replace the guanosine derivatives, 
unlike OAA carboxylase and a-ketoglutarate oxidase. 

Bandurski and Lipmann (23) have recently reported the partial purifica- 
tion of OAA carboxylase from the mitochondria of lamb liver. The par- 
tially purified enzyme could utilize ITP but not ATP or UTP for phos- 
phoenol pyruvate formation from OAA. Recalculation of their results on 
the basis of units used in the present work indicates that the lamb liver 
enzyme was brought to a purity of 27 units of phosphoenol pyruvate formed 
per minute at 30°, as compared with the higher levels for the chicken liver 
enzyme (Table I) when assayed at 38° in the exchange system or in OAA 
synthesis from phosphoenol pyruvate and CO, at 25° (Table VI). 

The demonstration by Bandurski and Lipmann (23), as well as in the 
present experiments, that the mitochondria of liver contain OAA carboxy- 
lase provides a plausible explanation in enzymic terms for the formation 
of phosphoenol pyruvate from dicarboxylic acids by particulate (28, 29) 


1074 OXALACETIC CARBOXYLASE 


and mitochondrial (30, 31, 23) preparations. In addition, it has been 
suggested (3, 32) that pyruvate may be converted to phosphoenol pyruvate 
by this mechanism when coupled with malate formation by malic enzyme. 
Some phosphoenol pyruvate formation from pyruvate by mitochondria 
has been observed (23, 30), but the mechanism of the reaction will require 
further investigation. 


SUMMARY 


The purification of oxalacetate carboxylase from chicken liver mitochon- 
dria is described. The preparation obtained is considerably purer than 
any described previously and is virtually free from nucleoside diphospho- 
kinase. Studies with this preparation and with cruder fractions which 
contain nucleoside diphosphokinase show that the oxalacetate carboxylase 
reaction is specific for guanosine and inosine polynucleotides, with the 
former more active under most conditions. Adenosine, cytosine, uridine, 
and xanthosine polyphosphates are without significant activity. The 
implications of the above findings have been discussed in terms of phos- 
phopyruvate formation. 
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REVERSIBLE SYNTHESIS OF POLYRIBONUCLEOTIDES 
WITH AN ENZYME FROM ESCHERICHIA COLI* 
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Studies on nucleotide and coenzyme synthesis in this laboratory led to 
an attempt to convert nucleoside 5’-polyphosphates to polyribonucleo- 
tides. We were able to show that extracts of Escherichia coli convert 
C4-adenine-labeled ATP! to an acid-insoluble nucleotide, and that the 
addition of adenylate kinase increased the rate of the reaction (1,2). The 
discovery of Ochoa and coworkers (3, +) that polyribonucleotides are 
formed from nucleoside diphosphates in a reaction catalyzed by an enzyme 
from Azotobacter vinelandii made it clear that ADP rather than ATP was 
the reactive component. In preliminary reports (1, 2) we have described 
briefly an enzyme from EF. coli which converts nucleoside diphosphates to 
polynucleotides according to the following general equation: 


n nucleoside-PP (nucleoside-P),, + nP; 


A similar enzyme was found in an extract from Micrococcus lysodeikticus 
by Beers (5). The purpose of this report is to describe the purification 
of the E. coli enzyme, its properties, and the stoichiometry of the reversible 
phosphorolysis which it catalyzes. 


Materials 


5-Phosphoribosy| pyrophosphate was prepared from ribose 5-phosphate 
and ATP with a pigeon liver enzyme (6). C'-A5P was prepared from 
adenine-8-C' (Isotopes Specialties Company, Inc.) and 5-phosphoribosyl 
pyrophosphate with yeast ASP pyrophosphorylase (7). C™-ATP was 
prepared from the labeled A5P by the combined action of yeast adenylate 


* This investigation was aided by grants from the National Institutes of Health, 
Public Health Service, and the National Science Foundation. 

t Fellow of the Dazian Foundation for Medical Research. Permanent address, 
The Weizmann Institute of Science, Rehovoth, Israel. 

' The abbreviations used are adenosine 5’-phosphate, A5P; adenosine diphosphate, 
ADP; adenosine triphosphate, ATP; cytidine diphosphate, CDP; deoxyribonuclease, 
DNAase; deoxyribonucleic acid, DNA; guanosine diphosphate, GDP; inorganic 
orthophosphate, P;; P-labeled P;, P\**; ribonuclease, RNAase; ribonucleic acid, 
RNA; thymidine diphosphate, TDP; tobacco mosaic virus, TMV; turnip yellow mo- 
saic virus, TYMV; tris(hydroxymethyl)aminomethane, Tris; uridine 5’-phosphate, 
U5P; uridine diphosphate, UDP. 
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kinase (8) and pyruvate phosphokinase with phosphopyruvate, and was 
purified on a Dowex 1 column (9). C'-ADP was prepared from C'%-ATP 
and glucose by the action of purified yeast hexokinase and isolated by 
chromatography on a Dowex 1 column (9). Labeled US5P was prepared 
from uracil-2-C' (Isotopes Specialties Company) and 5-phosphoribosy] 
pyrophosphate with USP pyrophosphorylase obtained from L. bifidus2 
C'*-UDP was prepared from labeled USP by the action of yeast nucleoside 
monophosphate kinase (8) and pyruvate phosphokinase with phospho- 
pyruvate. UDP was separated from U5P and UTP by Dowex 1 col- 
umn chromatography (8). Thymidine diphosphate was prepared by the 
method of Hall and Khorana as described for the uridine nucleotides (10). 
Unlabeled ADP, UDP, CDP, and GDP were obtained from the Sigma 
Chemical Company. 

Protamine sulfate was generously supplied by Eli Lilly and Com- 
pany. Purified potato starch was obtained from the Fisher Scientific 
Company. Crystalline RNAase and DNAase were Worthington Biochem- 
ical Corporation products. Venom phosphodiesterase free from mono- 
esterase was generously given to us by Dr. L. A. Heppel and Dr. L. Shuster 


Methods 


A5P was assayed with Schmidt’s deaminase by Kalckar’s method (11); 
ADP and ATP were determined enzymatically as previously described 
(12, 13); USP, UDP, and UTP were separated by ion exchange chromatog- 
raphy and determined spectrophotometrically (8). Orthophosphate was 
estimated by the method of Fiske and Subbarow (14); acid-labile phos- 
phate was the orthophosphate liberated after a 10 minute hydrolysis in 
1 x HCl at 100°, and total phosphate was measured as orthophosphate 
after being ashed with a sulfuric-nitric acid mixture. Pentose was deter- 
mined by the Mejbaum procedure (15), with a 45 minute heating period 
and A5P as a standard. Proteins were determined by the phenol method 
of Lowry et al. (16). Ion exchange chromatography was carried out at 
2° with an automatic fraction collector on Dowex 1 columns (2 per cent 
cross-linked, 200 to 400 mesh, chloride form) (9). P*®? was measured as 
a thin, dried layer on metal disks under a Geiger-Miiller tube. C'4-con- 
taining samples were plated as thin layers on metal disks and measured in 
a gas flow counter. Self-absorption corrections were applied as indicated. 

Enzyme Assays—The enzyme activity was determined in three ways. 

Assay A: Incorporation of Labeled Nucleoside Diphosphate into Acid- 
Insoluble Prectpitate—The incubation mixture (0.25 ml.) contained 0.05 
ml. of glyeylglycine buffer (1 mM, pH 7.4), 0.02 ml. of ADP (0.04 m), 0.02 
ml. of 8-C"-ADP (0.00227 mM, 7.8 X 10° ¢.p.m. per umole), 0.01 ml. of 


2 See Crawford, et al. (22). 
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MgCl. (0.1 mM), and less than 0.3 unit of enzyme. A similar procedure was 
used for studying C'-UDP incorporation. After incubation at 37° for 
10 minutes, the reaction was stopped by immersing the tubes in an ice 
bath; 0.5 ml. of carrier nucleic acid in the form of a 1:20 dilution of crude 
E. coli extract and 0.25 ml. of 7 per cent perchloric acid were then added. 
After 10 minutes in the cold, the precipitate was centrifuged, washed twice 
with 1.0 ml. portions of 1 per cent perchloric acid, and once with 1.0 ml. 
of 0.01 nN HCl. The precipitate was dissolved in 0.4 ml. of 0.05 m KOH. 
A 0.10 ml. aliquot was removed to a planchet, dried, and assayed for radio- 
activity (self-absorption correction factor, 1.55). 1 unit of enzyme was 
defined as the amount catalyzing the incorporation of 1.0 umole of ADP 
in 1 hour, and the specific activity was expressed as units per mg. of pro- 
tein. Under these assay conditions, the radioactivity in the acid-insoluble 
precipitate was proportional to the enzyme concentration. Thus, with 
use of 0.01, 0.03, 0.06, and 0.12 ml. of a crude enzyme fraction, 0.005, 0.017, 
0.027, and 0.048 umole of ADP, respectively, were incorporated in the 
polynucleotide. 

Assay B: 8-C'*-ATP Incorporation in Presence of Myokinase—The incu- 
bation mixture (0.25 ml.) contained 0.02 ml. of Tris buffer (1 mM, pH 8.0), 
0.02 ml. of ATP (0.05 m), 0.01 ml. of 8-C'4*-ATP (0.0087 m, 3.8 XK 105 ¢.p.m. 
per umole), 0.04 ml. of ADP (0.006 m), 0.01 ml. of MgCl. (0.1 m), 0.02 ml. 
of yeast adenylate kinase (heated ethanol fraction (8)), and less than 0.25 
unit of enzyme. The mixture was incubated for 10 minutes at 37°. The 
reaction was stopped and the precipitate treated as in Assay A. 

An enzyme unit was defined as in Assay A, and equally good proportion- 
ality of the values obtained to the amounts of enzyme added was observed. 

Assay C: Nucleoside Diphosphate Exchange with P®—This assay was 
based on that of Grunberg-Manago et al. (4). The incubation mixture 
(0.5 ml.) contained 0.10 ml. of glyeylglycine buffer (1 mM, pH 7.4), 0.10 ml. 
of nucleoside diphosphate (0.004 m), 0.05 ml. of P;** in potassium phos- 
phate buffer, pH 7.4 (0.0052 m, 5.2 XK 10° ¢.p.m. per umole), 0.02 ml. of 
MgCl. (0.1 m), and less than 0.3 unit of enzyme. ‘The mixture was incu- 
bated for 20 minutes at 37°. The reaction was stopped by immersing the 
tubes in an ice bath, adding 0.5 ml. of 5 per cent perchloric acid to acidify 
the solution, and 0.10 ml. of an acid-washed Norit A suspension (10 per 
cent dry weight) to adsorb the nucleotides. After 10 minutes in the cold, 
the Norit was centrifuged and washed three times with 2.5 ml. portions 
of water. The precipitate was suspended in 0.8 ml. of 50 per cent ethanol 
containing 3 ml. of concentrated NH,OH per liter. An aliquot (0.2 ml.) 
of the above Norit suspension was dried on a planchet and the radioactiv- 
ity measured (self-absorption correction factor 1.15). 1 unit of enzyme 
was defined as the amount causing the incorporation of 1.0 umole of P*® 
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into ADP per hour, and the specific activity was expressed as units per 
mg. of protein. The amount of P; incorporated into the terminal phos- 
phate of ADP was calculated from the equation: 


total c.p.m. in ADP 
initial specific activity of P; 


umoles phosphate incorporated = 


These values are somewhat low since no correction was made for the de- 
crease in specific radioactivity of the P; by the contribution of the ter- 
minal phosphate of ADP. However, since the initial rates were deter- 
mined when the exchange was still less than 10 per cent of completion, this 
correction would be very small. With 0.01, 0.03, 0.06, and 0.08 ml. of 
enzyme (manganese supernatant fluid), 0.0028, 0.011, 0.021, and 0.028 
umoles of the P; were found to be incorporated into the ADP. 

Growth of Cells and Preparation of Cell-Free Extracts—E. coli strain B 
was grown in a medium (pH 6.8 to 7.0) containing 1 per cent yeast extract 
(Difco, dehydrated), 1 per cent glucose, 2.18 per cent K2HPO,, 1.70 per 
cent KH2PO,, and about 20 mg. per liter of Antifoam A (Dow-Corning); 
glucose was autoclaved separately and added to the cooled medium. 15 
liters of the medium in a 20 liter Pyrex bottle were inoculated with 1.5 
liters of a 14 to 16 hour culture and incubated at 37° with vigorous forced 
aeration until the end of the logarithmic phase of growth (3 to 4 hours). 
The cells were harvested in a Sharples supercentrifuge (8 gm. of wet cells 
per liter) and washed with 4 volumes of cold 0.9 per cent KCl. The cells 
(170 gm., wet weight) were suspended in 0.05 m glycylglycine buffer, pH 
7.4, to a final volume of 680 ml. and placed for 10 minutes in a Raytheon 
10-ke. oscillator at 6-8°. The residue was collected by centrifugation 
for 20 minutes at 10,000 X g in a Servall centrifuge and the supernatant 
fluid (10 minute sonic extract) was discarded. The residue was suspended 
in the same buffer at a final volume of 680 ml., subjected again to sonic 
oscillation for 30 minutes, and centrifuged for 20 minutes as before. The 
turbid supernatant fluid (sonic extract of the residue) was used for fur- 
ther purification steps. The cells were treated in the oscillator immedi- 
ately after harvesting in order to obtain most of the enzyme activity in 
the residue of the 10 minute sonic extract. This residue, as well as the 
extract of it, was stored at — 15° for over 2 months without loss of enzyme 
activity. 


Results 


Purification of Enzyme 


All operations were carried out at 0-3° except as indicated. 
Mn+ and Protamine Steps—To 615 ml. of the sonic extract of the resi- 
due (Table I), 31 ml. of 1 m MnCle were added slowly with mechanical 
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stirring; the stirring was continued for 30 minutes. Insoluble material 
was removed by centrifugation for 20 minutes at 10,000 * g (manganese 
supernatant fluid). (For assays at this stage this fraction must be dia- 
lyzed overnight against 0.9 per cent KCI.) To the undialyzed, clear yel- 
low supernatant fluid, 61 ml. of 1 per cent protamine sulfate were added 
with mechanical stirring during a period of 10 minutes. (The amount 
of protamine sulfate needed to precipitate over 90 per cent of the activity 
was determined for each run.) The precipitate formed was collected by 
centrifugation, suspended in 200 ml. of 0.05 m potassium phosphate buffer, 
pH 7.5, and recentrifuged. The supernatant fluid was dialyzed overnight 
against 6 liters of 0.9 per cent KCl and became slightly turbid (protamine 


eluate). This fraction was stored at —15° for no longer than 1 week. 
TABLE 
Purification of Enzyme 
Step | Protein A280:A260 
ml. mg. protein 

10 min. sonic extract.................., 1.1 670 0.1 0.55 
Sonic extract of residue............... 3.0 1860 6.9 0.5 0.62 
Protamine eluate...................... 9.8 1960 0.88 11 1.75 
13.1 870 0.76 17 1.75 


* Assay A was used with ADP (8-C'*). 


Ethanol Fractionation—To 200 ml. of the protamine eluate fraction were 
added 4.0 ml. of 1 mM potassium acetate (pH 5.5) and then 1.2 ml. of 0.5 M 
ZnCl. (adjusted to pH 5.5 with acetic acid). After standing for 10 min- 
utes, any precipitate which formed was removed by centrifugation for 3 
minutes at 10,000 * g. To the supernatant fluid, 44 ml. of 50 per cent 
ethanol (—15°) were added over a 7 minute interval, during which time 
the mixture was chilled to —2°. The precipitate was removed by centrifu- 
gation for 3 minutes at 10,000 X g, and to the supernatant fluid 52 ml. of 
50 per cent ethanol were added as described above, the temperature being 
maintained at —2° to —4°. The precipitate was collected by centrifuga- 
tion and dissolved with 0.05 m Tris buffer, pH 8.0, to a final volume of 67 
ml. (Ethanol I). 

To 66 ml. of the Ethanol I fraction were added 0.5 N acetic acid to pH 
5.5 (approximately 2.5 ml.) and then 0.40 ml. of 0.56 Mm ZnCls. After 10 
minutes the precipitate was centrifuged as before, and to the supernatant 
fluid 13.5 ml. of 50 per cent ethanol (— 15°) were added during a 7 minute 
period; the mixture was chilled to —2° during this interval. The precipi- 
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tate was centrifuged and dissolved in 66 ml. of 0.05 mM Tris buffer, pH 8.0 
(Ethanol II). The optical density as indicated by the A280:\260 ratio 
varied for different enzyme preparations from 1.5 to 1.75. 

Purification of the Ethanol I fraction could also be achieved by starch 
column electrophoresis. The column (3.5 & 50 cm.) was washed first 
with water and then with 0.05 m Tris buffer, pH 8.0. Ethanol I fraction 
(4.0 ml.) was added and the column was washed twice with 5.0 ml. of the 
Tris buffer. Current was applied for 19 hours (500 volts, 8 to 10 maz). 
The enzyme was eluted with 0.05 m Tris buffer, pH 8.0 (8.0 ml. per hour), 
and 4.0 ml. fractions were collected. The enzyme appeared between Frac- 
tions 19 and 27 with an over-all recovery of 83 per cent. Fractions 20 
and 21 contained 18 per cent of the total activity with a 10-fold increase 
in specific activity over the Ethanol I fraction; the enzyme was very labile 
in this state and activity was lost rapidly upon freezing and thawing. 

Stability of Enzyme—A purified enzyme fraction (Ethanol II) retained 
about 70 per cent of its activity after storage for 2 months at — 10°, but, 
when diluted (1:10 in 0.10 m glycylglycine buffer, pH 7.4), the activity 
was rapidly lost. Heat inactivation of the enzyme (manganese super- 
natant fluid in 0.10 m glycylglycine buffer, pH 7.4) was observed by heat- 
ing for 5 minutes at 60° or 70°; 70 and 98 per cent, respectively, of the 
original activity was lost. 

Presence of Other Enzymes—DN Aase activity was not detected in the 
purified enzyme (0.08 unit of Ethanol IT degraded less than 0.10 per cent 
of P*-labeled T,. phage DNA (0.25 y of DNA, 1.7 X 10+ ¢.p.m.) after a 
20 minute incubation period at 37°. Adenylate kinase activity was low 
(1.0 unit of Ethanol I catalyzed the formation of 0.09 umole of ADP per 
hour from ATP and A5P when measured with the coupled pyruvate phos- 
phokinase-lactic dehydrogenase system (13)). An amount of RNAase 
activity was present in 1.0 unit of enzyme (Ethanol I) sufficient to liberate 
0.05 umole of mononucleotide per hour when incubated with yeast sodium 
nucleate in the absence of phosphate buffer. The crude extract contained 
a nucleotide-N-ribosidase* which hydrolyzed A5P (and thus in the pres- 
ence of adenylate kinase removed ADP from the reaction). However, 
this activity was absent in the purified fractions; 1.5 units of the Ethanol I 
fraction liberated less than 0.002 umole of ribose 5-phosphate per hour. 


Incorporation of Nucleoside Diphosphates into Polynucleotides 


Balance Study of Reaction—¥Yor each micromole of acid-labile phosphate 
and ADP disappearing, 1 umole of P; was liberated, and approximately 
equivalent amounts of pentose and phosphate appeared in the acid-insolu- 


8’ We are grateful to Dr. J. Hurwitz, Dr. L. A. Heppel, and Dr. B. L. Horecker for 
informing us of their unpublished work on this enzyme. 
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ble product (Table II). The isolated polyadenylate was hydrolyzed with 
1x KOH for 15 hours at 37°, and the quantity of adenosine 2’- and 3’-phos- 
phates found matched the disappearance of an equivalent amount of ADP. 


TABLE II 
Balance Study of ADP, UDP, CDP, and GDP Incorporation into Polynucleotides 
ADP (1) UDP (2) CDP (3) GDP (4) 
Polymer Polymer a Polymer Polymer 

Orthophosphate, A ywmole..... +0.42 +0.21 +0.44 0.0 
Acid-labile phosphate, A umole —0.38 —0.21 —0.44 0.0 
Total phosphate, A wmole.... +0.41 0.0 
Ultraviolet density, A umole. .|—0.36,+0.39|—0.25'+-0.28'—0.44'+0.43) 0.0 | 0.0 
Pentose, A uwmole............. +0.36 
Radioactivity, % incorpora- 

57 30 
Acid-labile phosphate, % de- 

52 32 60 0.0 


(1) At zero time, the Pj, acid-labile phosphate, and ‘‘adenosine’’ values were 
0.07, 0.75, and 0.86 umoles, respectively ; after 60 minutes, the respective values were 
0.49, 0.37, and 0.50 umoles. (2) At zero time, the Pj, acid-labile phosphate, and 
“uridine’’ values were 0.10, 0.64, and 0.75 umoles, respectively; after 60 minutes the 
respective values were 0.31, 0.43, and 0.50 umoles. (3) At zero time, the Pj, acid- 
labile phosphate, and ‘‘cytidine’’ values were 0.06, 0.74, 0.87 wmoles, respectively ; 
after 60 minutes the respective values were 0.50, 0.30, and 0.43 umoles. (4) At zero 
time, P;, acid-labile phosphate, and guanine values were 0.11, 0.64, and 0.80 umoles, 
respectively; after 60 minutes the respective values were 0.10, 0.66, and 0.79 umoles. 
The reaction mixture (0.25 ml.) was as described in Assay A (see the text), with 
0.8 unit of Ethanol I and an incubation period of 60 minutes at 37°. In the ADP 
experiment, 0.04 ml. of ADP (8-C", 0.00147 m, 6.17 X 105c.p.m. per umole) was used; 
in the UDP experiment, 0.02 ml. of UDP (2-C'*, 0.00522 m, 1.22 K 10° c.p.m. per 
umole) was used; in the CDP and GDP experiments, the substrates were not labeled. 
The reaction was stopped by immersing the tubes in an ice bath, adding 0.5 ml. of a 
cold solution of crystalline serum albumin (1.6 mg. per ml.) and 0.25 ml. of 7 per cent 
perchloric acid. After 10 minutes in the cold, the precipitate was removed by cen- 
trifugation. The supernatant fluid is the ‘‘acid-soluble”’ fraction. The precipi- 
tate, washed twice with 1.0 ml. portions of 1 per cent perchloric acid and once with 
1.0 ml. of 0.01 n HCl, and dissolved in 0.4 ml. of 0.025 n KOH, is the ‘‘polymer’’ 
fraction. The optical density of the polymer fraction was determined after hy- 
drolysis of an aliquot in 1 Nn KOH for 15 hours. 


The fraction of the total radioactivity found in the product derived from 
the added C'-A DP (57 per cent) was in agreement with the fraction of 
the acid-labile phosphate disappearing (52 per cent). 

Similar results were obtained in balance studies carried out with C!*- 
UDP and with CDP, but with GDP no reaction was detected (Table IT). 
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However, in GDP experiments with large amounts of enzyme (5.0 units) 
and a longer incubation time (3 hours), an acid-insoluble product was ob- 
tained which, upon perchloric acid hydrolysis, yielded guanine, as deter- 
mined by paper chromatography. When the reaction was carried out in 
the presence of all four nucleoside diphosphates, the extent of GDP in- 
corporation increased considerably, and approximately equivalent amounts 
of each of the four nucleotides were found in the polymer. 

Extent of Reaction—In the crude extract only small amounts of product 
accumulated, and when the incubation was continued for longer periods 
the product disappeared (Fig. 1). On the other hand, when a purer en- 


w 
9 
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20 40 60 80 100 
MINUTES 
Fic. 1. The extent of ADP incorporation as a function of time. The reaction 
mixtures (0.25 ml.) were as described in Assay A. The incubation temperature was 
at 37° for the time indicated. The crude enzyme was 0.18 unit of a 30 minute sonic 
extract and the purified enzyme was 0.72 unit of an Ethanol IIT fraction. 


zyme fraction (Ethanol I) was used, more than 50 per cent of the ADP was 
converted into polyadenylate, and this did not disappear on continued 
incubation. With sufficient amounts of enzyme and longer incubation 
periods, extensive polymerization of even low concentrations of ADP (ze. 
10-4 Mm) was observed. 

Effect of Substrate and Mq**+ Concentration—The K,, value for ADP was 
found to be 2.0 K 10°? mM. At this concentration of ADP, 1 mg. of the 
Ethanol IT fraction polymerized 200 ymoles of ADP per hour. The reac- 
tion was found to require Mgt*. When this was omitted, no incorpora- 
tion of ADP could be detected. Optimal Mgt* levels depended on the 
ADP concentration and were generally attained at an ADP: Mgt* ratio 
of 1.5; inhibiting effects were observed with lower ratios, At an ADP: 
Mg** ratio of 0.475, the rate was only 46 per cent of the maximal rate. 

Isolation of Products—Polyadenylate was isolated from an incubation 
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mixture similar to that described for Assay A, with use of 0.016 am ADP 
(8-C'4) (2.7 & 10' ¢.p.m. per umole) and 0.5 unit of enzyme. After 60 
minutes at 37°, 0.20 ml. of 1.0 mM sodium acetate buffer, pH 3.5, was added, 
and, after 30 minutes in the cold, a transparent, gel-like precipitate ap- 
peared. The precipitate was centrifuged for 10 minutes at 10,000 X 4g, 
washed twice with 1.0 ml. portions of cold water, and dissolved in 0.25 ml. 
of 1.0 m Tris buffer, pH 8.0. This gave a highly viscous solution from 
which threads could be drawn. The solution lost its viscosity when stored 
in the cold for 24 hours. When polvadenylate was precipitated with a 
stronger acid, such as 1.7 per cent perchloric acid, the precipitate obtained 
failed to give a viscous solution. The absorption spectrum of the polymer 
was different from that of AMP: the \250:260 and 280:A260 absorption 
ratios (pH 8.0) were 0.95 and 0.52, respectively. When incubated with 
| x KOH for 15 hours at 37°, the polymer was rendered completely acid- 
soluble and the absorption spectrum was identical to that of adenosine 
3’-phosphate. MgCl, (0.1 M) precipitated polyadenylate, and the pre- 
cipitate could be redissolved with 1.0 Mm Tris buffer, pH 8.0. In the case 
of UDP and CDP, the polymerized products did not precipitate at pH 3.5, 
and with the use of stronger acid (1.7 per cent perchloric acid) the reeov- 
eries were poor. Although all the polymers were precipitated readily in 
the presence of 80 per cent alcohol, significant amounts of the nucleoside 
diphosphates were coprecipitated. Precipitation with streptomycin (17) 
provided the most satisfactory procedure: sodium acetate buffer (0.05 ml., 
1M, pH 3.5) and streptomycin sulfate (0.1 ml. of a 10 per cent solution) 
were added to the reaction mixture. After 10 minutes at 0°, the precipi- 
tate was centrifuged, washed twice with cold 1 per cent streptomycin, and 
dissolved in 0.40 ml. of 1.0 mM Tris buffer, pH 8.0. The polymer solutions 
thus obtained were highly viscous. 

Reversal of Reaction——Vhe formation of polyadenylate was readily re- 
versed by adding P; to the incubation mixture. Table III shows the 
extent of polyadenylate (8-C'!) breakdown in the presence of graded phos- 
phate concentrations. 

Phosphorolysis of Nucleic Acids—The extent and rate of phosphorolysis 
of different nucleic acids are shown in Table IV... Highly polymerized 
veast RNA, prepared according to the procedure of Crestfield ef a/. (18),° 
and plant virus RNA were phosphorolyzed readily. On the other hand, 
a dialyzed commercial sample of yeast sodium nucleate (Schwarz Labora- 
tories, Inc.) was decomposed at only about one-fourth the rate and to a 
more limited extent (18 per cent). Duplicate assays of each experiment 


4 These experiments were carried out together with Dr. L. A. Heppel in his labora- 
tory at the National Institutes of Health. 
® Kindly given to Dr. Heppel by Dr. F. W. Allen. 
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by paper chromatography (isopropanol-water 1:3, v/v, with NH; in the 
vapor phase (19)), showed an accumulation of nucleoside diphosphates 
which appeared to be approximately proportional to the amount of P,;* 
incorporated into the acid-soluble nucleotides. The non-dialyzable limit 
polynucleotide obtained after exhaustive digestion of commercial yeast 
RNA with pancreatic ribonuclease was phosphorolyzed very little if at 
all. When phosphate was omitted from the reaction mixtures, no degrada- 
tion of RNA was detectable. 3 


TABLE IIT 
Polyadenylate Phosphorolysis 

The incubation mixture (0.25 ml.) contained 0.01 ml. of polyadenylate (8-C", 
containing 3.7 wmoles of adenine residues per ml. and 31,500 c.p.m. per ml.), 0.05 ml. 
of glycylglycine buffer (1 mM, pH 7.4), Pj as indicated, 0.01 ml. of MgCl. (0.1 m), and 
0.05 unitof Ethanol II. The mixture was incubated at 37° for 60 minutes. The reac- 
tion was stopped and the acid-insoluble fraction was separated and its radioac- 
tivity determined. Polyadenylate was prepared from ADP (8-C", 8.34 X 10° c.p.m. 
per umole) as described in the text. 


Pj concentration Polyadenylate 
mM X C.p.m. per cent breakdown 
0.64* (0 min.) 315 0 
0.64* (60 min.) 272 14 
4.40 (60 ‘“ ) 223 29 
19.0 (60 ‘“ ) 13 96 
38.0 (60 ‘ ) 3 99 


* P; concentration of the reaction mixture without added P;. 


Exchange of Inorganic Phosphate with Nucleoside Diphosphates 


Specificity with Different Nucleoside Diphosphates—P ;*? exchanged with 
several nucleoside diphosphates, and this reaction was used for assaying 
the enzyme activity (Assay C). ADP, UDP, and CDP were found to 
react readily, both in the crude and in the purified enzyme fraction. How- 
ever, with GDP the rate of exchange with P;* in the crude extract was 
considerably slower than with the other diphosphates, while in the puri- 
fied fraction almost no activity relative to the other diphosphates was 
detected (Table V). Furthermore, when the extent of polymerization 
was measured with the purified enzyme, it was found that ADP, UDP, 
and CDP were polymerized to a considerable extent, but under these con- 
ditions no acid-insoluble polymer of GDP was observed. GTP plus GSP 
in the presence of purified yeast nucleoside monophosphate kinase gave 
the same low rate of exchange as did GDP alone. Thymidine diphosphate 
showed only a feeble activity; 0.06 ml. of Ethanol I incorporated 0.17 
umole of P; into TDP as compared with 12 mumoles into ADP. 
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Influence of Various Factors on Rate of Exchange 


“Activating” Factor—When the enzyme fractions obtained during the 
course of purification were assayed for their P;** exchange rate with ADP, 


TABLE IV 
Phosphorolysis of Nucleic Acids 


The incubation mixture (0.25 ml.) contained 0.02 ml. of Tris buffer (0.5 mM, pH 8.0), 
0.01 ml. of MgCl. (0.1 mM), 0.06 ml. of potassium phosphate buffer (0.2 mM, pH 7.2), 
0.01 to 0.06 ml. of P;*? solution, and amounts of RNA and enzyme (Ethanol I) as 
indicated. The mixture was incubated at 37°. The reaction was stopped and 
treated with Norit A as described in Assay C. The amounts of P;*? added (expressed 
as 105 ¢.p.m.) were 2.1, 4.1, 4.5, 15, 15, and 17, in Experiments 1 through 6, respec- 


tively. 


Experi- Amount | Amount | Time of | Thate | phospho-| phospho- 
ment No | | Cont” | i8corpo- [rolysis of lrolysis of 
pumoles unils hrs. pmole | per cent 
1 Purified yeast RNA (17)ft | 0.37 | 0.60 24 0.41 110 
2 1.10 | 0.15 3 0.07 6.4 |} 0.18 
1.10 | 0.60 3 0.26 24 
1.10 | 1.50 3 0.62 56 
3 TYMV RNA 0.87 | 0.60 3 0.24 28 0.16 
Commercial yeast RNA 1.40 | 0.15 3 0.02 1.4 
1.40 | 0.60 3 0.05 3.6 | 0.04 
4 1.40 | 1.20 5 0.25 18 0.05 
1.40 | 2.40 5 0.26 19 
5 RNAase-limit polynucleo- | 1.19 | 0.15 3 0.019 1.6 | 0.03 
tides 
RNAase-limit polynucleo- | 1.19 | 0.60 3 0.027 2.3 
tides 
Polyadenylate 1.02 | 0.075 3 0.59 58 3.10 
1.02 | 0.60 3 0.95 93 
Polyuridylate 0.825 | 0.075 3 0.17 21 0.91 
” 0.825 | 0.60 3 0.31 37 
6 Polvadenylate 0.61 | 0.0075) 3 0.056 9.2} 2.39 
Polyuridylate 0.495 | 0.015 3 0.039 7.9} 1.02 
TMV RNA 0.995 | 0.15 3 0.030 3.0 
- ‘as 0.995 | 0.60 3 0.15 15 0.10 


* Micromoles of phosphate incorporated into the acid-soluble nucleotide fraction 


per mg. of protein per hour. 
t In this experiment 0.05 M potassium phosphate buffer (0.6 ml.) was used. 


it was found that the ratio of the rate of ADP incorporation into acid- 
insoluble nucleotide to the rate of ADP-P*? exchange was more than 4-fold 
greater in the purified fraction than in the crude sonie extract (Table V). 
Furthermore, it was found that, after precipitating the enzyme with prota- 
mine, the supernatant solution, although devoid of enzyme activity, in- 
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creased the P;**-ADP exchange rate of a purified enzyme fraction (Ethanol 
II) by 3- to 4-fold (Table VI and Fig. 2). On the other hand, the activat- 
ing factor did not affect the rate of ADP incorporation into the acid-insol- 
uble fraction as measured with C'-ADP. The factor was found to be 


TABLE V 
Specificity of P\** Exchange with Nucleoside Diphosphates 
The exchange rate was measured as described in Assay C (see the text). No 
activator was added. 


Enzyme fraction 


Substrate 
10 min. sonic extract Ethanol I 
units per ml. | units per ml, | 
3.50 | 048 | 0.93 | 6.2 
4.00 | 0.50 | 6.50 43.2 
| 5.10 | 0.64 4.30 28.5 
| 0.46 | 0.06 | 0.015 0.1 


TABLE VI 
P 3? Exchange with ADP 
The exchange rate was measured as described in Assay C (see the text). 


| Exchange reaction specific activity, Ratio of polymer forma- 
units per mg. protein tion to Pj? exchange 
No With Activation No With 
activator | activator* ratio activator , activator 
10 min. sonic extract............. 0.20 0.20 1.0 0.5 0.5 
Sonic extract of residue.......... 0.44 0.44 1.0 1.1 1.1 
Protamine eluate................. 3.3 7.9 2.5 3.3 1.4 
7.5 19.0 2.5 2.3 0.9 


* 0.1 ml. of the supernatant fluid obtained after precipitating the enzyme with 
protamine. 


non-dialyzable, and more heat-stable than the enzyme; heating of the 
manganese supernatant solution in 0.10 m glycylglycine buffer, pH 7.4, 
for 5 minutes at 60° or 70° resulted in respective losses of 40 and 60 per 
cent of the original activity. The fraction heated at 70° was used for most 
of the experiments described; the A280:\260 absorption ratio was 0.50. 
The ‘activator’ was resistant to DN Aase and RNAase; its activity was 
slightly reduced by snake venom phosphodiesterase and more readily by 
the combined action of RNAase and phosphodiesterase. P;** exchange 
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with UDP and CDP was not activated by this fraction when either Ethanol 
I or Ethanol II was used. With a fraction purified by starch column elec- 
trophoresis, UDP-P;** exchange was activated 2-fold, while the exchange 
with CDP was not affected. 

Protamine—In the presence of 5 y of protamine, the exchange rate of 
P;* with ADP was increased about 2-fold, but at higher concentrations 
the activation fell off (Fig. 2). It may be noted that the same enzyme 


Activation ratio 


O 0.04 0.08 0.12 
Mi. 

Fig. 2. P;??-ADP exchange activation. The reaction mixture was the same as 
described in Assay C with 0.01 ml. of Ethanol II. The activator was a protamine 
supernatant fluid fraction (see the text) and the protamine was a 0.01 per cent pro- 
tamine sulfate solution. 


fraction was activated 3.6-fold by adding the activating factor. The 
ADP incorporation rate was not increased by protamine, and at higher 
concentrations it was inhibited; 50 y of protamine produced a 60 per cent 
inhibition. 

Effect of RNAase—RNAase did not significantly affect the exchange 
rate of P;?? with ADP, or the incorporation rate. Thus 1.0 ml. of enzyme 
(Ethanol I) incorporated 3.2 uwmoles of P;** per hour in the presence of 
0.10 mg. of crystalline RNAase as compared with 5.5 umoles in its absence. 
The respective ADP incorporation rates (Assay A) were 7.8 and 5.7 uwmoles. 
RNAase inhibited UDP incorporation almost completely, but had rela- 
tively little effect on the exchange with P;*? (1.0 ml. of enzyme (Ethanol I) 
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incorporated 13.2 umoles of UDP per hour as compared with 0.47 umole 
when 0.10 mg. of crystailine RNAase was added to the reaction mixture; 
the P;* exchange rates were 6.9 and 9.6 wmoles, with and without RN Aase, 
respectively). 

Effect of Mgt*+, Mn++, and Pyrophosphate—Mgt** was essential for the 
exchange activity. In its absence no exchange with P;*” was observed. 
Under the conditions described for Assay C, the rate was half maximal at 
3.7 10-4, and maximal at 1.2 10-?m. Mn** was inhibitory (1.4 X 
10-4 m gave 83 per cent inhibition). Pyrophosphate (6.0 X 10-* m) did 
not inhibit the reaction. In addition, no exchange could be found bet ween 
P*-labeled pyrophosphate and ATP or GTP. 

Streptomycin—Streptomycin (0.014 per cent) inhibited the P;®? exchange 
reaction by 50 per cent. 

Heating—Heating the enzyme for 5 minutes at 70° destroyed over 98 
per cent of the ADP-P;® exchange activity. 


DISCUSSION 


The numerous metabolic implications of the polyribonucleotide phos- 
phorylase reactions have been previously discussed (4). Of overriding 
importance is the relevance of this reaction to the synthesis of the ribonu- 
cleic acids of the cell. Thus far this enzyme provides the only known way 
of making high molecular weight polymers of ribonucleotides, and it is 
abundant in a wide variety of microbial cells (20). On the other hand, it 
is not yet apparent how the relatively constant and perhaps specific nu- 
cleotide composition of the RNA of a given species is produced by an en- 
zyme that appears to polymerize the available nucleoside diphosphates in 
a relatively random fashion. It is also of interest that the physiological 
concentrations of the nucleoside diphosphates appear to be far below those 
necessary for rapid rates of enzymatic polymer synthesis, and furthermore 
that the intracellular P; values seem sufficient to inhibit polymer synthesis 
and to effect extensive phosphorolysis. It appears clear that, at this early 
stage in the development of this field of investigation, conclusions regarding 
the function of this reaction in the biosynthesis of RNA must remain 
tenuous. 

Aside from the physiological significance of the polynucleotide phos- 
phorylases, there are a number of complexities of the reaction itself which 
have not been resolved. For example, in the presence of RNAase, accu- 
mulation of polymer from UDP is hardly detectable but yet the rate of 
P;” exchange with UDP is not appreciably diminished. Also of interest 
is the observed stimulation of P;*? exchange under conditions whereby the 
rate of polymer formation was not affected. It seems reasonable to con- 
sider the initial formation of a highly reactive di- or oligonucleotide which 
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is very readily phosphorolyzed or can become the nucleus of a higher pol- 
ymer. Thus far no evidence is available that an oligonucleotide primer 
is essential for polymer formation, but its presence as a trace contaminant 
in the enzyme preparation cannot be excluded. 

Of considerable interest is the observed very slow rate of GDP poly- 
merization as compared with that of other nucleoside diphosphates. Yet 
in the presence of other diphosphates the extent of GDP incorporation is 
at about the level of the other nucleotides. Similar findings were obtained 
by Grunberg-Manago, Ortiz, and Ochoa (4, 21). The formation of high 
molecular weight polymers in an enzyme reaction introduces certain kinetic 
problems and enormously complicates the questions of specificity and steric 
relationships of the enzyme and substrate, some of which may be at the 
root of the behavior of GDP in polymer formation with the phosphorylases. 

Phosphorolysis of high molecular weight ribonucleic acids and of the 
polymers synthesized by the enzyme was extensive, but only limited and 
slow phosphorolysis of commercial samples of yeast RNA was observed 
and RNAase-limit polynucleotides were attacked very little if at all. It 
may be that 3’-phospho-ended polynucleotide chains which are relatively 
abundant in the partially degraded samples cannot serve as substrates 
and may even be inhibitory to the enzyme, and that only a 5’-phospho- 
ended polynucleotide chain is degraded. It is difficult to reconcile these 
results simply because of the size of the polymers. 


SUMMARY 


An enzyme has been partially purified from Escherichia colt which cata- 
lyzes the reversible polymerization of ribonucleoside diphosphates accord- 
ing to the equation: 


n nucleoside-PP = (nucleoside-P), + nPj (inorganic phosphate) 


This reaction is thus a further example of that described by Ochoa and 
coworkers for an enzyme obtained from Azotobacter vinelandit. 

High molecular weight polymers of adenosine, uridine, and cytidine 
monophosphates were synthesized by the enzyme from the corresponding 
diphosphates. 

The synthesized polymers and high molecular weight ribonucleic acids 
from yeast, turnip yellow virus, and tobacco mosaic virus were extensively 
phosphorolyzed; commercial samples of yeast ribonucleic acid were phos- 
phorolyzed slowly and ribonuclease-limit polynucleotides were not phos- 
phorolyzed to a significant extent. 

An exchange of P*?-labeled P; with the terminal phosphate of nucleoside 
diphosphates is catalyzed by the enzyme. A loss in the exchange activity 
with adenosine diphosphate which accompanied purification of the enzyme 
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was restored by the addition of a relatively heat-stable fraction removed 
in the purification; this fraction did not affect the rate of polymer forma- 
tion. 


— 
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CONVERSION OF URACIL AND OROTATE TO URIDINE 
5’‘-PHOSPHATE BY ENZYMES IN LACTOBACILLI 


By IRVING CRAWFORD,* ARTHUR KORNBERG, ano ERNEST 5S. SIMMS 


(From the Department of Microbiology, Washington University 
School of Medicine, St. Louis, Missouri) 


(Received for publication, November 19, 1956) 


In yeast and in extracts from livers of several species, pyrimidine nu- 
cleotides are formed from orotate by condensation with PRPP! (1) as fol- 
lows: 


C 
N7 
ul oO 
O=C H 
LOH 
Orotate N 
0 O 
" O=C * 
" 
O-P-O0-P-0 
Orotidine 
OH OH OH O 
PRPP 
-OH 
C 
CH 
0 CH 
O-P-0-CHp Nn- + 
oO 6) 
OH OH 
USP 


This reaction has since been shown to occur with enzyme preparations 
from Escherichia coli? and from rat liver (2). In all these systems uracil 


* Predoctoral Fellow of the National Science Foundation, 1954-55; present address, 
Walter Reed Army Institute of Research, Washington 12, D.C. This investigation 
was supported by grants from the National Institutes of Health, Public Health 
Service, and the National Science Foundation. 

1 Abbreviations used: ATP, adenosine triphosphate; O5P, orotidine 5’-phosphate ; 
PP, inorganic pyrophosphate; PRPP, 5-phosphoribosylpyrophosphate; R5P, ribose 
5-phosphate; Tris, tris(hydroxymethyl)aminomethane; U5P, uridine 5’-phosphate. 

2? Kornberg, A., and Simms, E. S., unpublished observations. 
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was found to be inert. The earlier work of Arvidson et al. with rats (3) 
and Wright et al. with Lactobacillus bulgaricus 09 (4, 5), which had demon- 
strated the utilization of orotate by intact organisms in nucleic acid syn- 
thesis, had also indicated the relative inactivity of uracil. 

However, the orotate pathway of pyrimidine nucleotide synthesis did 
not explain how certain pyrimidine-requiring lactic acid bacteria, such as 
Lactobacillus arabinosus, respond to uracil but not to orotate or its pre- 
cursors (6). There are also species such as Lactobacillus bifidus and Lac- 
tobacillus leichmannii which can utilize both uracil and orotate. 

An attempt was therefore made to determine whether this utilization 
of uracil involved an initial conversion to orotate or whether a direct path- 
way of U5P formation was operative. Evidence has been obtained for 
a new and distinct pathway of pyrimidine nucleotide formation involving 
a condensation of PRPP with uracil, formulated as follows: 


Uracil + PRPP = U5P + PP 


Materials and Methods 


Growth of Cells and Preparation of Cell-Free Extracts—L. bulgaricus 09, 
L. arabinosus (ATCC 8014), L. bifidus (ATCC 4963), and L. leichmannii 
(ATCC 4797), generously provided by Dr. L. D. Wright, were maintained 
by weekly transfer in 1 per cent tryptose-skim milk. In growth exper- 
iments the semisynthetic media of Wright et al. (6), supplemented with 
0.03 per cent of either orotate, uracil, or both, were used. In the large 
scale cultures of L. bifidus, treatment of the casein hydrolysates with Norit 
was omitted. Standing cultures yielded about 4 gm. of cells per liter (wet 
weight) after 20 to 24 hours at 37°. E. coli B and E. coli We— (a cyto- 
sineless-uracilless mutant of F. coli W), were from the local culture collec- 
tion and E. colt W was obtained from Dr. J. Lederberg (his code number, 
Weg35). These strains were shaken at 30° for 20 hours in a mineral-glu- 
cose medium (M9) (7) supplemented with 0.03 per cent uracil. 

After harvesting by centrifugation, cells were washed twice with cold 
distilled water, frozen in an ethanol-dry ice bath, and ground with twice 
their weight of Alumina 301 in a chilled mortar. The paste was suspended 
in an amount of cold 0.05 mM potassium phosphate buffer, pH 7.4, equiva- 
lent to 5 times the original wet weight of cells, and centrifuged at 16,000 X 
q; the extract contained from 2 to 7 mg. of protein per ml. 

Materials—PRPP was synthesized enzymatically from ATP and R5P 
(8). In many cases an unpurified preparation containing adenosine 
5’-phosphate, R5P, and ATP was used in the assays. 

Orotate-2-C'™ was synthesized by the method of Nyc and Mitchell (9). 
Uracil-2-C™ was a product of the Isotopes Specialties Company, Inc. 
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Unlabeled orotate was a product of Dougherty Chemicals. R5P and 
unlabeled uracil were obtained from Schwarz Laboratories, Inc., and ATP 
from the Pabst Brewing Company and the Sigma Chemical Company. 

Determinations—PRPP was determined spectrophotometrically (see 
Kornberg et al. (8), Assay B, Stage ITI), orthophosphate by the method 
of Fiske and Subbarow (10), and PP as orthophosphate after the sample 
was incubated with crystalline pyrophosphatase*® (11). Protein was de- 
termined by the method of Lowry et al. (12). 

For the estimation of uracil and US5P, a column of Dowex | (chloride 
form, 2 per cent cross-linked, 1 em. X 1 sq. cm.) was used. Uracil was 
eluted by 15 ml. of 0.01 mM potassium acetate, pH 5.0, and USP by 10 ml. 
of 0.1 m HCl. A series of these small columns, operated on a manifold, 
was used for routine assays of uracil to U5P conversions. For more re- 
fined chromatography, a 5 cm. X 1 sq. cm. column of the same resin was 
employed; uracil was eluted with 0.2 n NH,OH-0.025 m NH,Cl, appearing 
in from 5 to 15 resin bed volumes of eluent; U5P was then eluted with 
0.1 N HC1-0.05 m KCI. 

Enzymatic Assays—Conversion of orotate to U5P was assayed spectro- 
photometrically at 25° (1), a unit of enzyme being defined as the amount 
which converts 1 umole of orotate per hour. 

The conversion of uracil to USP was assayed in a 1.0 ml. reaction mix- 
ture containing 0.1 umole of uracil-C™ (approximately 6 10° per 
umole), 0.1 umole of PRPP, 0.05 m potassium phosphate buffer, pH 7.4, 
0.003 m MgClo, and 0.005 m glutathione. After 15 minutes at 37°, the 
mixture was placed in a boiling water bath for 30 seconds and then centri- 
fuged. The USP in the supernatant fluid was separated chromatograph- 
ically (see above) and measured by plating an aliquot of the fraction con- 
taining U5P and by estimating radioactivity in a gas flow counter. In 
the absence of PRPP or enzyme, no US5P formation was observed. In 
a typical assay 0.01, 0.02, 0.03, and 0.04 ml. of crude extract formed 0.013, 
(0.022, 0.036, and 0.048 umoles of USP, respectively. A unit of enzyme 
was defined as that amount producing 1 umole of USP per hour. 

An alternative assay procedure for the conversion of uracil to U5P by 
purified enzyme fractions involved a determination of optical density at 
290 my at alkaline pH; under these conditions the nucleotide has rela- 
tively little absorption compared to uracil. After incubation, the reac- 
tion mixture was heated and centrifuged, a 0.7 ml. aliquot was removed 
and placed in a 1 ml. cuvette, and the optical density at 290 mu was de- 
termined. Then 0.3 ml. of a 1 M potassium phosphate buffer, pH 11.6 
(made up in 0.02 m Versene), was added. The conversion of 0.1 umole 
of uracil to U5P was found to decrease the optical density by 0.451 unit. 


3 Kindly furnished by Dr. G. Perlmann and Dr. M. Kunitz. 
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Results 
Survey of Pathways of USP Synthesis in Lactobacilli 


Assays for the incorporation of orotate and uracil into U5P by extracts 
of four Lactobacilli species with varying pyrimidine growth requirements 
(Table 1) showed that the ability of each extract to synthesize U5P from 
a given pyrimidine corresponded to the growth-supporting activity of the 
pyrimidine. 

TaBLeE I 
Survey of Pathways of USP Synthesis in Lactobacilli 


Growth-promoting activity USP formationt by 
in semisynthetic medium* extract with 
| Orotate | Uracil Orotate Uracil 
per mg. per mg. 
| protein protein 
L. bulgaricus 09 + | _ 0.8 0 
arabinosust + 0 1.0 
§ | § N 1.9 1.5 
** bifidus | + + 0.6 2.4 
leichmannii} | + | + 0.8 2.6 


* Wright et al. (6), confirmed by us. 
t The recorded value is that obtained with the most active of several preparations. 
t Early growth phase. 

§ Later growth phase; optimal growth occurs without any pyrimidine supplement 
after an 18 to 24 hour lag. 


U5P Formation in Orotate-Utilizing Organism, L. bulgaricus 09 


An extract of L. bulgaricus 09 (0.2 ml.) was incubated with 0.05 m potas- 
sium phosphate, pH 7.4, 0.003 m MgClo, 1 umole of orotate-C', and 2 
umoles of purified PRPP in a volume of 1.0 ml. for 1 hour at 37°. The 
mixture was chromatographed on a column of Dowex 1-formate (10 per 
cent cross-linked, 4 cm. X 1 sq. cm.) with 0.1 m sodium formate (brought 
to pH 3.3 with formic acid) as the eluent. In six similar experiments, 75 
to 95 per cent of the radioactivity was recovered in the U5P zone (9 to 22 
resin bed volumes). Specific radioactivities (counts per minute per micro- 
mole) of the subfractions within this zone were essentially constant; no 
counts appeared in the orotate area (45 to 55 resin bed volumes). In 
control reaction mixtures without PRPP, all of the radioactivity was in 
the orotate zone. 


U5P Formation in Orotate- and Uracil-Utilizing Organism, L. bifidus; 
Purification of Enzyme Converting Uracil to USP 


Low pH Fraction—All operations were carried out at 0—4° unless spec- 
ified. To 40 ml. of extract (Table IT) prepared from 8 gm. (wet weight) 
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of cells, were added 50 ml. of 0.1 mM potassium acetate, pH 4.0, bringing 
the pH to 4.5. After 5 minutes, the precipitate was collected by centrif- 
ugation and dissolved in 20 ml. of 0.05 m potassium phosphate, pH 7.4. 

a Protamine Fraction—4 ml. of a 1 per cent protamine sulfate (Eli Lilly) 
on solution were added to this slightly turbid solution. After 5 minutes the 
i. mixture was centrifuged and the precipitate discarded. ; 
n Ethanol Fraction—Procedure I (20 to 67 per cent ethanol): To 23 ml. of 
the protamine fraction were added 4.6 ml. of 0.1 M potassium acetate, pH 
4.0, bringing the pH to 6.6. The slightly opalescent solution was then 
cooled to 0° in a —15° ethanol-ice bath, and 7 ml. of ethanol (chilled to 
: —15°) were added with stirring. The time required for addition was 1 
TaBLeE II 
Purification of Enzyme Converting Uracil to U&P 
Procedure I Procedure II 
Uracil activity Uracil activity 
Total units | Total units| | activity 
| per mg. units per mg. | unit per mg. 
protein protein protein 
Extract........... 104 0.6 63 0.6 0.24 0.4 
Protamine........ 106 3.0 51 1.8 0.26 0.15 
nt Ethanol (20-67%) | 92 4.4 
os (31-42%). | 18 8.5 0.10 0.01 
Cy gel eluate..... | 33 6.5 4 15.0 0.0 0 
* Not assayed. 
S- 
2 minute; the temperature fell to —2°. The precipitate which formed was 
1e allowed to stand for 30 seconds, and then was centrifuged (approximately 
py 10,000 * g) for 3 minutes. The precipitate was discarded, and to the 
rt supernatant fluid, now at —10°, 50 ml. of ethanol were added at a rate of 
5 6 ml. per minute with mechanical stirring; the temperature fell to — 14° 
2 during the addition. ‘The precipitate was separated by centrifugation and 
0- dissolved in 20 ml. of 0.01 M potassium phosphate buffer, pH 7.4. 
10 Procedure II (31 to 42 per cent ethanol): An alternative treatment of 
n the protamine fraction was used in which only that fraction of the pro- 
in teins which precipitated between ethanol levels of 31 and 42 per cent was 
collected. 
Cy Gel Fraction—The faintly opalescent ethanol fraction was brought to 
pH 6.8 with 1 ml. of 0.1 N HCl and mixed with 2.4 ml. of aged alumina 
(Cy) gel (13) (15 mg. of dry weight per ml.). After 5 minutes, the suspen- 
P> sion was centrifuged and the gel washed with 10 ml. of 0.05 m potassium 
t) 


1098 SYNTHESIS OF PYRIMIDINE NUCLEOTIDES 


phosphate buffer, pH 6.9. To elute the enzyme, the gel was extracted 
with 0.1 M potassium phosphate, pH 6.9. 

The Cy gel eluate stored at —15° for 2 weeks lost less than 10 per cent 
of its activity. The crude extract and isoelectric fractions were equally 
stable, but the stability of the ethanol fraction (dissolved in 0.01 m buffer) 
was quite variable. Dialysis of the gel eluate against solutions of low 
ionic strength invariably resulted in complete inactivation. Dialysis of the 
gel eluate for 3 hours against 0.5 m KCl, however, resulted in the loss of 
only 40 per cent of the enzymatic activity. 

Separation of Enzymes Converting Uracil and Orotate to Ui P-—The activ- 
ities of an L. bifidus extract toward orotate and uracil were compared at 
several stages during the purification procedure (Table II). The Cy eluate, 
which showed the greatest specific activity toward uracil, was completely 
inactive toward orotate. 

Identification of USP As Product of Uracil Conversion—A large scale 
incubation mixture (200 umoles of uracil-C', 250 umoles of crude PRPP, 
0.05 m potassium phosphate, pH 7.4, 0.003 m MgClo, 0.005 m glutathione, 
and the low pH fraction obtained from 20 gm. of cells in a 1 liter volume) 
was chromatographed on a Dowex 1-chloride column (9 cm. X 2.8 sq. cm.) 
(see under ‘‘Materials and methods’’). The U5P recovered (140 umoles, 
70 per cent yield) was eluted between 2 and 4 resin bed volumes of 0.1 N 
HCl and had properties identical with authentic U5P. The specific ac- 
tivity of the product (1.2 K 10° c.p.m. per umole) was the same as that 
of the uracil. 

Stoichiometry, Reversibility, and Other Properties of Uracil to USP Re- 
action—The removal of uracil and PRPP by enzymes from L. bifidus was 
matched by the formation of equivalent amounts of U5P and PP (Table 
III). In Experiment I, 2.2 units of a protamine fraction quantitatively 
converted uracil to USP. In Experiment II, the PRPP contained con- 
siderable PP as an impurity, and uracil was present in large excess over 
the PRPP. The orthophosphate concentration during the reaction re- 
mained constant, however, and a similar reaction mixture made up without 
uracil showed no disappearance of PRPP or appearance of PP. 

In an attempt to reverse the reaction, | unit of the dialyzed gel eluate 
fraction was incubated with 0.2 umole of US5P-C, 1.0 umole of PP, 0.05 m 
Tris buffer, pH 8.0, 0.003 m MgClo, and 0.005 m glutathione in a 1 ml. 
volume for 45 minutes at 37°. Only 0.013 umole of uracil (identified chro- 
matographically) was formed. A control reaction incubated without PP 
showed no uracil formation (less than 0.001 umole). 

The affinity of the enzyme for PRPP is shown in Fig. 1, from which a 
K,, of 4.4 & 10-5 m was calculated. The lowest concentration of uracil 
used (5.6 & 107-5 M) gave a maximal reaction rate. 

Omission of glutathione decreased the rate of the forward reaction by 
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ed 
about 25 per cent. Without added Mgt’, only 5 per cent of the activity 
nt remained. R5P and ATP did not substitute for PRPP. 
ly 
r) Ud5P Formation in E. coli 
Ww Extracts of three strains of FE. coli were tested for their ability to incor- 
ne porate orotate and uracil into U5P in the presence of PRPP. E. coli B 
of 
TaBLeE III 
y- Stoichiometry of Uracil Conversion to U6P 
at Experiment I Experiment II 
e, Fraction 
ly 0 min. 30 min. A 0 min. 60 min. ray 
umole umole pmole pmoles pmoles pmole 
le 0.50 0.00 —0.50 4.61 4.14 —0.47 
D SE ere 1.00 0.50 —0.50 0.70 0.23 —0.47 
0.00 0.48 +0.48 0.14 0.59 +0.45 
| 1.67 2.12 +0.45 
.) In Experiment I, the reaction mixture (5.0 ml.) contained 0.25 ml. of 1 m KPO,, 
S, pH 7.4; 0.15 ml. of 0.1 m MgCl.; 0.25 ml. of 0.1 m glutathione; 0.04 ml. of 0.012 m 
N uracil-C'* (6 X 105 c.p.m. per wmole) ; 0.50 ml. of purified PRPP (2.0 umoles per ml.) ; 
: and 1.0 ml. of the protamine fraction, incubated at 37°. In Experiment II, the 
J reaction mixture (5.0 ml.) was identical to that in Experiment I, except that 0.4 ml. 
ut of uracil-C', 0.5 ml. of purified PRPP, and 0.75 ml. of the dialyzed Cy gel eluate frac- 
tion were used and glutathione was omitted. The reaction mixture, incubated for 
™ 60 minutes at 37°, was heated for 30 seconds in a boiling water bath and centrifuged. 
iS 
le 17S 
06 
440 
fo) 
it 
> 04} ro} 430 
e 
5 
2 6 420 
w 
2 
D 410 
tl re) i 
PRPP Conc. = S 
Fic. 1. Influence of PRPP on the rate of synthesis of U5P from uracil. The in- 
: cubation mixtures were as described under ‘‘Methods,”’ except that the PRPP con- 
centration was varied; 3 y of the Cy gel eluate fraction were used. 
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extracts showed considerable conversion of orotate to U5P (0.6 unit per 
mg. of protein) but no detectable conversion of uracil. However, extracts 
of both E. coli W and its cytosineless-uracilless mutant, FE. coli We— 4, 
showed small but significant amounts of U5P formation from uracil (about 
0.02 unit per mg. of protein). These two extracts showed the same activ- 
ity toward orotate (0.6 to 0.8 unit per mg. of protein) as did EF. coli B. 


DISCUSSION 


The evidence presented in this paper indicates that there is a clear corre- 
lation between the pyrimidine growth requirements of the Lactobacilli 
studied and the presence of specific enzymes capable of forming nucleotides 
from them.’ No evidence for the conversion of uracil to orotate was ob- 
tained. The formation of USP from uracil occurs by way of a pyrophos- 
phorylase quite analogous to the O5P pyrophosphorylase which carries 
out the first step in US5P formation from orotate. Wright ct al. (6) showed 
that, when L. arabinosus is transferred from a complete to a pyrimidineless 
medium, no growth occurs for 18 to 24 hours. This long lag period can 
be abolished by the addition of uracil, but not orotate. We have now 
demonstrated that the cells which grow up after the lag period (7.e. without 
uracil) can form U5P from orotate as well as uracil, whereas cells from a 
uracil-supplemented medium possess only the uracil-converting system. 
Whether this difference entails a simultaneous change in the enzymatic 
constitution of all the cells in the inoculum or the emergence of a mutant 
type is not known. 

The finding of this pathway of nucleotide synthesis from uracil raises 
the question whether there may exist a de novo synthesis of uracil as in the 
case of orotate, or whether this pathway may be considered to be purely a 
salvage mechanism as in the case of the purine pyrophosphorylases (15). 
The reductive cleavage of uracil to B-alanine by way of dihydrouracil (16) 
resembles orotate metabolism, and the synthesis of 6-ureidopropionate 
from carbamyl aspartate and $-alanine (17) may prove to have some bio- 
synthetic significance. Thus far no synthesis of uracil from its components 
has been demonstrated with these enzyme systems or with intact cell prep- 
arations. 

In 1954 Moore and Boylen (18) showed that a uracil-requiring mutant 
of E. coli W, strain 63-86, incorporates uracil-2-C undiluted into US5P, 
cytidine 5’-phosphate, and probably thymidine deoxyribonucleotides as 
well. It was of interest, therefore, that cell-free extracts of FE. coli W and 

‘ Orotate also satisfies the pyrimidine growth requirements of this organism, and, 
in a mineral-glucose medium containing 0.5 per cent orotate, growth is equivalent to 
that obtainable in the mineral-glucose medium supplemented with uracil. 

5 Canellakis has stated in a recent abstract (14) that extracts of two strains of L. 


bulgaricus carry out a direct synthesis of U5P from uracil and PRPP; it must be con- 
cluded that these strains differ from the one studied here. 
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an orotate-uracil-cytosine auxotroph of this strain had the ability to form 
U5P from uracil. That this activity was due to an enzyme discrete from 
the orotate-utilizing system, as is the case in L. bifidus, was not established, 
but it should be noted that, with the strain Mooreand Boylen used (63-86), 
orotate and cytosine will not replace uracil for growth. : 


SUMMARY 


1. A new pathway of uridine 5’-phosphate (U5P) formation from uracil 
and 5-phosphoribosylpyrophosphate (PRPP) has been found in certain 
Lactobacillus species. The enzyme catalyzing this reaction has been par- 
tially purified from Lactobacillus bifidus and shown to carry out the follow- 
ing reaction: 

Uracil + PRPP = U5P + PP 

2. A Lactobacillus species (Lactobacillus bulgaricus 09) for which orotate 
is a specific growth factor was found to have an enzyme converting orotate, 
but not uracil, to USP, while a Lactobacillus species (Lactobacillus arabino- 
sus), which in a certain growth phase requires uracil specifically, had 
during this phase an enzyme for uracil but not orotate. Species which 
respond nutritionally to either pyrimidine were found to have both the 
orotate- and uracil-utilizing enzymes. 

3. Conversion of uracil to USP in extracts of certain Escherichia coli 
strains has been detected. 
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Hydroxytryptamine: 5-, 32-labeled phos- 
phorus uptake, effect, Lingjaerde and 
Skaug, 33 
Hydroxytyramine: Separation, ion ex- 
change chromatography, Kirshner 


and Goodall, 207 

I 
Inosine 5’-phosphate dehydrogenase: 
Aerobacter aerogenes, Magasanik, 
Moyed, and Gehring, 339 


Inositol: myo-, tissue culture growth, 
effect, Eagle, Oyama, Levy, and Free- 
man, 191 

Intestine: Lipogenesis, antibiotics ef- 

805 


fect, Coniglio and Bell, 
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Isocitric dehydrogenase: [Enzymatic | Lipide(s): Blood, nature, Mukherjee, 
properties, Siebert, Carsiotis, and Achaya, Deuel, and Alfin-Slater, 

Plaut, 977 845 

Preparation, mammalian heart, Sie- Extraction, and lipoprotein, serum, 

bert, Dubuc, Warner, and Plaut, relation, Avigan, 957 


965 
Reactions, mechanism, Englard and 
Colowick, 1047 


Itaconic acid: Aspergillus terreus, bio- 
synthesis, Bentley and Thiessen, 
673, 689, 703 


K 


Ketoadipic acid: 8-, enzymatic degrada- 
tion, Katagiri and Hayaishi, 439 
Ketone bodies: Oxidation, liver mito- 
chondria, McCann, 15 
Kinetics: Reaction, Chance, 595 


L 


Lactic decarboxylase: Oxidative, MWyco- 
bacterium phlei, effect, Sutton, 

395 

Lactobacillus: Orotate conversion, to 

uridine 5’-phosphate, relation, Craw- 

ford, Kornberg, and Simms, 

1093 

Uracil conversion, to uridine 5’-phos- 

phate, relation, Crawford, Kornberg, 


and Simms, 1093 
Lactobacillus helveticus: Pantothenyl- 
cysteine, pantetheine precursor, 
Brown, 651 


Lactose: Carbon 14-labeled, distribution 
in milk, Wood, Schambye, and Peeters, 
1023 
— —, — — milk, after carbon 14 injec- 
tion, Schambye, Wood, and Kleiber, 
1011 
Synthesis, Schambye, Wood, and Klet- 
ber, 1011, 1023 

—, Wood, Schambye, and Peeters, 
1023 
Lanosterol: Cholesterol, demethylation, 

Olson, Lindberg, and Bloch, 


941 
Squalene, conversion, tn vitro, Tchen 
and Bloch, 921 


See Lysolecithin 
See Lipoprotein 


Lecithin: Lyso-. 
Lipase: Lipoprotein. 
lipase 


Total, tissue, isolation and purifica- 
tion, Folch, Lees, and Sloane Stanley, 
497 


Lipogenesis: Intestinal and _ hepatic, 
antibiotics, effect, Coniglio and Bell, 

805 

Liver, Dituri, Shaw, Warms, and 
Gurin, 407 

—, experimental diabetes effect, Shaw, 
Dituri, and Gurin, 417 


Lipoglobulin: 8-, serum, polyanions, in- 
teraction, Bernfeld, Donahue, and 
Berkowitz, 51 

Lipoprotein: Blood serum, muscle glu- 
cose uptake, diabetes, relation, 
Hendley, Bregman, and Krahl, 


459 

Serum, and lipide extraction, relation, 
Avigan, 957 
Lipoprotein lipase: Adipose tissue, Korn 
and Quigley, 833 
Inactivation, heparinase, effect, Korn, 
827 


Liver: Carbon 14-labeled uracil, dihy- 
drouracil, and _  j-ureidopropionic 
acid, catabolism, Fritzson, 223 

Diphosphopyridine nucleotide, pyri- 
dine precursors, Kaplan, Goldin, 
Humphreys, and Stolzenbach, 


365 

Fatty acids, biosynthesis, Langdon, 
615 
Lipogenesis, Dituri, Shaw, Warms, 
and Gurin, 407 
—, antibiotics, effect, Coniglio and 
Bell, 805 
Mitochondria, ketone bodies, oxida- 
tion, McCann, 15 


Serine metabolism, Elwyn, Ashmore, 
Cahill, Zottu, Welch, and Hastings, 


735 
Subcellular fractions, metal distribu- 
tion, Thiers and Vallee, 911 


See also Bile acid; Diabetes 
Lupine: Mitochondria, phosphorylation, 
oxidative, Conn and Young, 23 
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Lycopene: Polyenes, colorless, and, in 


tomatoes, biosynthetic relation, 
Shneour and Zabin, 861 
Radioactive, in tomatoes, ripening, 
Zabin, 851 
Lysolecithin: Migratase, Uziel and Hana- 
han, 789 

M 


Magnesium: Determination, micro-, and 
distribution, histological, in adrenal, 
effect, Glick, Freier, and Ochs, 


77 
Histochemistry, determination, mi- 
cro-, Glick, Freier, and Ochs, 77 


Requirement, thyroxine, effect, Vitale, 
Hegsted, Nakamura, and Connors, 

597 

Malonic acid: Degradation, by tissues, 

Nakada, Wolfe, and Wick, 145 

Metal(s): Liver, subcellular fractions, 
distribution, Thiers and Vallee, 


911 

Metal chelate(s): Glycine peptides, 
Murphy and Martell, 37 
Metal ion(s): a-Methylserine and a- 
methylolserine cleavage, Longe- 
necker, Ikawa, and Snell, 663 


Methionine: Betaine synthesis in vivo 
and in vitro, vitamin Bye and folic 
acid, relation, Stekol, Weiss, Ander- 
son, Hsu, and Watjen, 95 

Methyldeoxycytidine: 5-, thymidine, 
conversion, in vivo and in vitro, 
Cohen and Barner, 631 

Methylolserine: a-, cleavage, by pyri- 
doxal and metal ions, Longenecker, 
Tkawa, and Snell, 663 

Methylserine: a-, cleavage, by pyridoxal 
and metal ions, Longenecker, Ikawa, 
and Snell, 663 

Migratase: Lysolecithin, Uziel and Han- 
ahan, 789 

Mitochondrion: Liver, ketone bodies, 
oxidation, WcCann, 15 

Lupine, phosphorylation, oxidative, 
Conn and Young, 23 
Tissues, peripheral, ketone bodies, 


oxidation, McCann, 15 
Mucopolysaccharase: Testicular, Houck 
and Pearce, 


267 


INDEX 


Muscle: Glucose uptake, blood serum 
glucose and lipoprotein, diabetes, 
relation, Hendley, Bregman, and 
Krahl, 459 

Insect, flight, nucleotide dephospho- 
rylation, Sacktor and Cochran, 241 
Skeletal, adenosinetriphosphate-aden- 
osinemonophosphate, crystalline, 
isolation, Noda and Kuby, 541 
—, myokinase, crystalline, isolation, 
Noda and Kuby, 541 
Sce also Heart 

Mycobacterium phlei: Lactic decarbox- 

ylase, oxidative, effect, Szutton, 


395 
Myokinase: Crystalline, muscle, Noda 
and Kuby, 541 

N 
Nicotinamide: Carbon’ 14-carboxy]-la- 
beled, metabolism, Chang and ./ ohn- 
son, 799 
Nicotinic acid: Metabolism, Chang and 
Johnson, 799 
Noradrenaline: Biosynthesis, in vitro, 
Goodall and Kirshner, 213 
Pathway, formation from dopa, Airsh- 
ner, 821 


Separation, ion exchange chromatog- 
raphy, Kirshner and Goodall, 207 
Nuclease: Deoxyribo-. See Deoxyribo- 
nuclease 
Nucleic acid: Deoxypentose. 
oxypentose nucleic acid 
Guanine biosynthesis, enzymatic, JJ/a- 
gasanik, Moyed, and Gehring, 339 
——,—, Moyed and Magasanik, 


See De- 


351 

Nucleic acid ribose: Biosynthesis, Marks 
and Feigelson, 1001 
Nucleoprotein(s): Interactions, Cramp- 


ton and Chargaff, 157 
Nucleotide(s): Deoxyribo-. See De- 
oxyribonucleotide 
Diphosphopyridine. See Diphospho- 
pyridine nucleotide 
Muscle, insect, dephosphorylation, 
Sacktor and Cochran, 241 


Oxalacetic carboxylase, specificity, 


Kurahashi, Pennington, and Utter, 
1059 
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Nucleotide(s)—continued: 
Polyribo-. See Polyribonucleotide 
Pyrimidine deoxyribo-. See Pyrimi- 
dine deoxyribonucleotide 


O 


Organophosphorus compound(s): Es- 
terases and proteases, reactivity, 
Mounter, Tuck, Alexander, and Dien, 

873 

Orotate: Conversion, uridine 5’-phos- 
phate, by Lactobacilli, Crawford, 
Kornberg, and Simms, 


1093 


Orthophosphate: Phosphorus 32-labeled, 
tissue phosphatides, incorporation 
in vivo, Marinetti, Witter, and Stotz, 

475 

Oxalacetic carboxylase: Nucleotide spec- 

ificity, Kurahashi, Pennington, and 


Utter, 1059 
Oxidase: Xanthine. See Xanthine oxi- 
dase 
P 
Pantetheine: Pantothenylcysteine, Lac- 
tobacillus helveticus, precursor, 
Brown, 651 


Pantothenic acid: Vitamin B, and, de- 
ficiency, heme synthesis, Schulman 


and Richert, 181 
Pantothenylcysteine: Pantetheine pre- 
cursor, Lactobacillus helveticus, 
Brown, 651 


Papain: -Catalyzed, transamidation re- 
actions, specificity, Mycek and Fru- 
ton, 165 

Peptide(s): Glycine. See Glycine pep- 
tide 

Persulfate: Alkaline, carbon determina- 


tion, use, Battley, 237 
Phenylalanine: Dihydroxy-. See Dihy- 
droxyphenylalanine 
Tyrosine, enzymatic conversion, Kauf- 
man, 511 


Phosphatase (s): t-Histidinol phosphate. 
See Histidinol phosphate phos- 
phatase 

Pyro-. See Pyrophosphatase 
Wheat leaf, heat stability of enzymes, 
Roberts, 751 
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Phosphate: Adenosine di-. See Adeno- 
sine diphosphate 
Diisopropyl fluoro-. See Diisopropyl 
fluorophosphate 
Ortho-. See Orthophosphate 
Ribose 5-. See Ribose 5-phosphate 
Phosphatide(s): Tissue, orthophosphate 
phosphorus 32-labeled, incorpora- 
tion, Marinetti, Witter, and Stotz, 
475 
Phosphorus: 32-labeled, 5-hydroxytryp- 
tamine, effect, Lingjaerde and Skaug, 
33 
Phosphorus compound(s):Organo-. See 
Organophosphorus compound 
Phosphorylase: Adenosinetri- and mono- 
phosphate trans-. See Adenosine- 
tri- and monophosphate transphos- 
phorylase 
Phosphorylation: Oxidative, mitochon- 
dria, lupine, Conn and Young, 
23 
De-. See Dephosphorylation 
Polyanions: Lipoglobulin, serum inter- 
action, Bernfeld, Donahue, and 
Berkowitz, 51 
Polyene(s): Colorless, and lycopene, in 
tomatoes, biosynthetic relation, 
Shneour and Zabin, 861 
Polymer: Enzyme-, systems, multiple 
reactions, Bailey and French, 
1 
Polynucleotide(s): Synthesis, reversi- 
ble, with Escherichia coli, Littauer 
and Kornberg, 1077 
Proline: Hydroxy-. See Hydroxyproline 
Skin content, ascorbic acid, influence, 
Gould and Woessner, 
289 
Propionic acid: 6-Ureido-. See Ureido- 
propionic acid 
Protease(s): pH dependence and disso- 
ciation constants, diisopropyl fluo- 
rophosphate, use, Mounter, Alexan- 
der, Tuck, and Dien, 867 
Protein(s): Lipo-. See Lipoprotein 
Nucleo-. See Nucleoprotein 
Radioselenium fixation, McConnell 
and Wabnitz, 765 
Purine: Deoxyribonucleotides in tumor, 
LePage, 135 
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Pyrazolopyrimidine(s): Xanthine oxi- 
dase, inhibitors and _ substrates, 
Feigelson, Davidson, and Robins, 

993 

Pyridine: Diphosphopyridine nucleotide, 
liver, precursors, Kaplan, Goldin, 
Humphreys, and Stolzenbach, 365 

Growth factors in duckling, Van Reen 
and Stolzenbach, 373 

Pyridine coenzyme(s): Tissue fractions, 

subcellular, Jacobson and Kaplan, 
603 

Pyridine nucleotide pyrophosphatase: 

Reduced, Jacobson and Kaplan, 


427 

Pyridoxal: a-Methylserine and a-methy]- 

olserine cleavage, Longenecker, 

Ikawa, and Snell, 663 

Pyrimidine: Hydro-. See Hydropyrimi- 
dine 

Pyrazolo-. See Pyrazolopyrimidine 
Pyrimidine deoxyribonucleotide(s): 


Thymus, extract, isolation, Potter, 
Schlesinger, Buettner-Janusch, and 
Thompson, 381 
Pyrrole-2-carboxylic acid: Hydroxypro- 
line, conversion, Radhakrishnan and 
Meister, 559 


R 


Radioselenium: Fixation, in proteins, 

McConnell and Wabniiz, 765 

Ribose 5-phosphate: Adenylic acid, en- 

zymatic cleavage, to adenine, Hur- 
witz, Heppel, and Horecker, 

525 

Xylulose 5-phosphate formation, en- 

zymatic, spleen, relation, Ashwell 


and Hickman, 65 
S 

Saccharase: Mucopoly-. See Muco- 
polysaccharase 


Selenium: Radio-. See Radioselenium 
Serine: Liver, metabolism, Elwyn, Ash- 
more, Cahill, Zottu, Welch, and Hast- 


ings, 735 
Methyl-. See Methylserine 
Methylol-. See Methylolserine 


See O-Ureidohomo- 


O-Ureidohomo-. 
serine 


INDEX 


Serine aldolase: Citrovorum, conver- 
sion, Peters and Greenberg, 329 
Skin: Sterols, esterification, state, 
Frantz, Dulit, and Davidson, 139 
Skin: See Tissue 
Sorbitol dehydrogenase(s): Acetobacter 
subozydans, Cummins, Cheldelin, and 
King, 301 
Spleen: Cathepsin B, purification and 
properties, Greenbaum and Fruton, 
173 
Ribose 5-phosphate, xylulose 5-phos- 
phate formation, enzymatic, rela- 
tion, Ashwell and Hickman, 65 
Squalene: Enzymatic cyclization, mech- 


anism, 7'chen and Bloch, 931 
Lanosterol, conversion, in vitro, 7'chen 
and Bloch, 921 
Sterol: See Cholesterol 
Sterol(s): Skin, esterification, state, 


Frantz, Dulit, and Davidson, 139 
Sulfate: Chondroitin. See Chondroitin 
sulfate 
Per-. See Persulfate 
Sulfur 35-labeled, incorporation, hep- 
arin, Eiber and Danishefsky, 721 


T 
Testicle: Mucopolysaccharase, Houck 
and Pearce, 267 
Thymidine: Analogues, action, Beltz and 
Visser, 1035 


Methyldeoxycytidine, conversion, in 
vivo and in vitro, Cohen and Barner, 
631 
Thymine: Aza-. See Azathymine 
Thymus: Extract, pyrimidine nucleotide, 
isolation, Potter, Schlesinger, Buett- 
ner-Janusch, and Thompson, 381 
Thyroxine: Magnesium requirement, 
effect, Vitale, Hegsted, Nakamura, 
and Connors, 597 
Tissue(s): Fractions, subcellular, pyri- 
dine coenzymes, Jacobson and Kap- 
lan, 603 
Homogenates, synthesis, bilirubin glu- 
curonide, Grodsky and Carbone, 
449 
Lipide isolation and _ purification, 
Folch, Lees, and Sloane Stanley, 
497 
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Tissue(s) —continued: 
Malonic acid, degradation, effect, 
Nakada, Wolfe, and Wick, 145 
Peripheral, mitochondria, ketone bod- 
ies, oxidation, McCann, 15 
Tissue culture: Cancer cells, growth, 
myo-inositol effect, Eagle, Oyama, 
Levy, and Freeman, 191 
Growth, myo-inositol effect, Eagle, 
Oyama, Levy, and Freeman, 191 
Tomato: Lycopene and polyenes, color- 


less, relationship, Shneour and 
Zabin, 861 
Radioactive lycopene, formation, Za- 
bin, 851 


Transamidation reaction(s): Papain- 
catalyzed, specificity, Mycek and 


Fruton, 165 
Tryptamine: 5-Hydroxy-. See Hydroxy- 
tryptamine 
Tumor: Purine deoxyribonucleotides, 
LePage, 135 
See also Cancer 
Tyramine: Hydroxy-. See Hydroxy- 
tyramine 
Tyrosine: Acetyldehydro-. See Acetyl- 
dehydrotyrosine 
Phenylalanine, enzymatic conversion, 
Kaufman, 511 


U 


Udder: Milk lactose from, carbon 14 
distribution, Wood, Schambye, and 
Peeters, 1023 

Uracil: Carbon 14-labeled, catabolism, 
Fritzson and Pihl, 229 

— —, in liver, catabolism, Fritzson, 
223 

Conversion, uridine 5’-phosphate, by 
Lactobacilli, Crawford, Kornberg, 


and Simms, 1093 
Dihydro-. 


See Dihydrouracil 
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Ureidohomoserine: O-, canavanine, en- 
zymatic cleavage, Kihara and Snell, 

485 

Ureidopropionic acid: 8-, carbon 14- 
labeled, catabolism, Fritzson and 


Pihl, 229 
in liver, catabolism, Fritzson, 
223 


Uridine 5’-phosphate: Orotate conver- 
sion, Lactobacilli relation, Crawford, 
Kornberg, and Simms, 

1093 

Uracil conversion, Lactobacilli rela- 
tion, Crawford, Kornberg, and 
Simms, 1093 


V 


Vitamin: B,, and pantothenic acid defi- 
ciency, heme synthesis, Schulman 
and Richert, 181 

Biz, folic acid and, methionine synthe- 
sis, betaine, in vivo and in vitro, re- 
lation, Stekol, Weiss, Anderson, Hsu, 


and Watjen, 95 

WwW 
Wheat: Leaf, phosphatases, heat sta- 
bility of enzymes, Roberts, 751 

x 


Xanthine oxidase: Pyrazolopyrimidines, 
as inhibitors and substrates, Feigel- 
son, Davidson, and Robins, 

993 

Xanthosine 5’-phosphate aminase: Aero- 
bacter aerogenes, Moyed and Maga- 
sanik, 351 

Xylulose 5-phosphate: Formation, en- 
zymatic, ribose 5-phosphate, spleen, 
relation, Ashwell and Hickman, 
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